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He, who can concentrate on any one thing with singleness of 
purpose, will ultimately acquire the capacity to do everything. 
M. K. Gandhi. 
 
 
A satisfied man doesn’t need much to be happy. 
Harry R. Harhangi. 
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General Introduction  
 
Anaerobic Fungi 
 
Historical background 
The finding of Sprengel in 1832 that microorganisms in the alimentary tract of herbivores 
degrade plant material to butyric acid and acetic acid resulted in a revolution in the research 
of rumen inhabitants. These acids are important for the hosts to meet their carbon and energy 
requirement. For this reason Zuntz formulated in 1879 the fermentation hypothesis to explain 
the host-microbe symbiosis. The microorganisms first found in the digestive systems of cattle 
and horses were bacteria and protozoa. These microorganisms were abundantly present and 
could be isolated quite easily. 
 It took until 1910 before Liebtanz described a new group of uniflagellated microorganisms 
in the rumen of herbivores as flagellates. In 1913 Braune named a polyflagellated inhabitant 
of the rumen Callimastix frontalis and in 1930 Hsuing described C. equi, an isolate from the 
horse caecum. In 1950 Weissenberg found Callimastix species in the alimentary tract of a 
copepod. He suggested that this inhabitant, Callimastix cyclopsis, was in fact a zoospore of a 
fungus rather than a protozoan. Vavra and Joyon delivered further proof in 1966, when they 
discovered the vegetative thallus of the fungus. They grouped the rumen organisms, which 
were still believed to be true flagellates, into a new genus called Neocallimastix. Still the 
classification was not correct, since in 1975 Orpin demonstrated that the flagellate 
Neocallimastix frontalis is actually the zoospore of an obligate anaerobic chytridiomycete 
fungus. This was against the dogma that fungi could only live aerobically. In 1976 and 1977 
Orpin found that two other flagellate species in the ovine rumen were also zoospores of 
anaerobic fungi. He classified them as Piromyces communis and Sphaeromonas communis. 
With these findings he established that the obligate anaerobic chytridiomycete fungus had a 
simple life cycle comprising a motile stage (zoospore) and a non-motile stage (rhizomycelium 
and zoosporangium) (Fig. 1.). 
 Because of the discovery that alimentary tracts of herbivores contain anaerobic fungi, led 
to a worldwide search for more of these organisms in other grass-feeding animals. Since then, 
anaerobic fungi were isolated from ruminants, the so called foregut fermenters, e.g. cattle, red 
deer, impala (Bauchop 1979, 1980), wallaroo, grey kangaroo (Bauchop, 1980; Williams et al., 
1994), blue duiker (Dehority and Varga, 1991), reindeer (Williams et al., 1994) as well as 
from non-ruminants, the so called hindgut fermenters, e.g. horse (Bauchop, 1979; Williams et 
al., 1994), swamp wallaby (Bauchop, 1980), Indian elephant (Milne et al., 1989; Teunissen et 
al., 1991a; Williams et al., 1994), lama (Milne et al., 1989), the large rodent mara (Teunissen 
et al., 1991a), rhinoceros and African elephant (Williams et al., 1994). Anaerobic fungi could 
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not be isolated from animals other than herbivorous mammals (Orpin and Joblin, 1988; 
Theodorou et al., 1989). Nearly all chytridiomycetes can grow on various carbohydrates from 
mono- to polysaccharides, except for the Piromyces spp. isolated from marsupials. The latter 
are unable to grow on xylose and xylan, although they produce xylanolytic enzymes when 
grown on other carbon sources (Borneman et al., 1989; Williams et al., 1994).  
 
Classification of chytrids 
 Aerobic and anaerobic zoosporic fungi are placed in the subdivision Mastigomycotina of 
the kingdom Eumycota on basis of the morphology of their zoospores, thallus and rhizoid. 
The further classification of the anaerobic fungi into the class of Chytridiomycetes was based 
on morphological aspects, antibiotic sensitivities and the presence of chitin in the cell wall of 
these organisms (Orpin, 1975, 1976, 1977a, 1977b, 1977c, 1977d, 1988). This class is further 
subdivided into the orders Blastocladiales, Monoblepharidiales, Chytridiales and 
Spizellomycetales (Barr, 1980). Ultrastructural studies of the zoospores of anaerobic fungi 
assigned them to a new family, the Neocallimasticaceae (Barr, 1988). This family is further 
subdivided into three monocentric genera (Neocallimastix, Piromyces, Caecomyces) and two 
polycentric genera (Orpinomyces, Anaeromyces). The classification of the anaerobic fungi is 
listed below in Table 1. 
 
Table 1. Classification and morphological characteristics of chytrids 
 
Division         Eumycota 
Subdivision       Mastigomycotina 
Class          Chytridiomycetes 
Order         Spizellomycetales 
Family         Neocallimasticaceae 
Genera         Monocentric 
            Caecomyces (zoospore has one or two flagella) 
            Neocallimastix (zoospore has four to twenty flagella) 
            Piromyces (zoospore has one to four flagella) 
            Polycentric 
            Orpinomyces (multiflagellated zoospore) 
            Anaeromyces (zoospore has one flagellum) 
 
 Since Orpin classified the first anaerobic fungal species in 1976, 16 more species have 
been described and classified until now (Table 2). The generic names of some isolates have 
been changed since they were first described. Ruminomyces elegans is renamed to 
Anaeromyces elegans and Orpinomyces bovis to Orpinomyces joyonii. The names of the 
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genera Sphaeromonas and Piromonas were changed to Caecomyces and Piromyces, 
respectively. 
 
Table 2. Classified chytrid species 
 
Genus     Species          Host    Reference 
Caecomyces   C. communis    Sheep   Orpin, 1976 
C. equi      Sheep   Orpin, 1976 
Neocallimastix  N. frontalis     Sheep   Heath et al., 1983 
        N. patriciarum   Sheep   Orpin and Munn, 1986 
        N. hurleyensis    Sheep   Webb and Theodorou, 1991 
        N. variabilis    Cattle   Ho et al., 1993a 
Piromyces    P. communis    Shee    Orpin, 1977a 
        P. mae      Horse   Li et al., 1990 
        P. dumbonica    Elephant  Li et al., 1990 
        P. rhizinflata    Ass    Breton et al.,1991 
        P. minutus     Deer    Ho et al., 1993b 
        P. spiralis     Goat    Ho et al., 1993c 
        P. citronii     Horse   Gaillard-Martinie et al., 1995 
Orpinomyces   O. joyonii     Sheep   Breton et al., 1989 
        O. intercalaris       Cattle   Ho et al., 1994 
Anaeromyces   A. elegans     Cattle   Ho et al., 1990 
        A. mucronatans   Cattle   Breton et al., 1990 
 
Life cycle of the anaerobic chytrid 
As is shown in Table 1 the genera of the anaerobic chytrids are classified as monocentric 
or polycentric. This is based on the number of nuclei present in the organism and the presence 
or absence of nuclei in the rhizomycelium. Monocentric fungi have no nuclei in the 
rhizomycelium, whereas the polycentric fungi have several. As known so far, monocentric 
fungi have asexual life cycles (Fig. 1.).  
The zoospores of these anaerobic fungi contain flagella, so that they can move easily by 
chemotaxis toward fibre material and colonize it (Orpin and Bountiff, 1978; Munn et al., 
1988). The zoospores of N. patriciarum show positive chemotaxis towards several 
carbohydrates. Receptors for glucose, mannose, sorbitol and sucrose were found. These sugar 
compounds can be found in different constituents of plant material (Orpin and Bountiff, 
1978). 
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Fig.1. Life cycle of anaerobic fungi (Teunissen and Op den Camp, 1993a). The numbers represents the 
following stages: 1: zoospore, 2: germinating zoospore, 3 and 4: zoosporangium plus rhizomycelium 
and 5: survival stage. 
 
Once in contact with plant material the zoospores first loose their flagella. A rhizoid is 
formed, which penetrates plant material and releases (hemi-)cellulolytic enzymes (Karling, 
1978; Munn et al., 1981; Heath et al., 1983; Lowe et al., 1987b; Orpin, 1988; Gold et al., 
1988; Barr et al, 1989). It is obvious that in the rhizoid stage the production of 
(hemi-)cellulolytic enzymes is very high, since the plant material is completely overgrown. 
Once the fibre material is degraded, new nuclei are formed in the zoosporangia. All of the 
nuclei and cytoplasm are cleaved to form 1 to 114 zoospores (Orpin, 1976; Heath et al., 
1983). After the division, the sporangium wall dissolutes and the zoospores are released, 
making the cycle complete (Heath et al., 1983). 
 The polycentric fungi, in contrast to monocentric fungi, are not dependent on zoospores for 
their propagation. Their growth is propagated by hyphae as known for aerobic fungi (Ho and 
Bauchop, 1991) and their rhizoids contain nuclei. In some media polycentric fungi can form 
zoospores, but the majority of their zoosporangia do not differentiate and they do not release 
the zoospores. The zoosporangium develops either laterally or terminally at the hyphae. 
(Phillips and Gorden, 1988; Barr et al., 1989; Breton et al., 1989; Ho et al., 1990). Barr and 
co-workers (1989) demonstrated that Orpinomyces forms zoosporangia, which are branched, 
whereas Ho and co-workers (1990) showed that the zoosporangium of Ruminomyces does not 
branch. 
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 Also for the polycentric fungi a sexual life cycle has not been found yet. As mentioned 
before, the aerobic chytridiomycete fungus C. cyclopsis appears to show alteration of 
generation with a zoosporic phase in copepods and a sexual phase in mosquito larvae 
(Whisler et al., 1975). Sexual life cycles may also exist in other fungi, but it will not be easy 
to prove this (Heath, 1988). The excretion of zoospores through the faeces can have two 
functions, namely contamination of young herbivores and sexual propagation. 
  Orpin and Munn (1986) showed that zoosporogenesis in the monocentric fungi 
Neocallimastix patriciarum, Piromyces communis and Caecomyces communis is induced by 
haem, a water soluble compound, in the diet of the host animal. Other haem containing forage 
has the same effect on zoosporogenesis of these organisms (Orpin and Greenwood, 1986). 
Zoospore production in the anaerobic fungus N. patriciarum occurs within 15 to 30 min after 
the host is fed with a haem containing diet (Orpin, 1975), whereas in P. communis and 
C. communis it may take up to 1 h (Orpin, 1976, 1977a). The competition for the forage with 
other organisms of the digestive tract is most likely the trigger for rapid zoospore formation 
(Heath, 1988). Until now the molecular identity of this trigger has not been determined, even 
though Ho and Bauchop (1991) showed that for an abundant zoosporogenesis, sporangia of 
the polycentric chytridiomycete Ruminomyces elegans have to be transferred in time to fresh 
media. This is obviously due to depletion of the nutrient that triggers zoosporogenesis during 
in vitro growth. It cannot be excluded that the end of zoosporogenesis is caused by the 
formation of toxic fermentation products. 
 
Survival and transfer among plant feeding animals 
 The zoosporangia of anaerobic fungi can survive in dried faeces up to 10 months (Milne et 
al., 1989; Theodorou et al., 1990; Davies et al., 1990, 1993; Teunissen et al., 1991a; Milne et 
al., 1989). This suggests that the zoosporangia survive extreme conditions and that they may 
have similar features as cysts. Since the zoosporangia can survive for such a long time outside 
the plant-feeding animal it is likely be the major way to inoculate young animals. Transfer of 
zoosporangia can also occur through saliva from mother to child (Lowe et al., 1987b; Milne et 
al., 1989). 
 
Metabolism 
 Like many eukaryotes adapted to anaerobic environments anaerobic fungi obtain energy by 
the anaerobic fermentation of carbohydrates (Trinci et al., 1994). A large range of poly-, 
oligo-, and monosaccharides support growth. Anaerobic fungi display a mixed-acid 
fermentation profile similar to that of enterobacteria such as Escherichia coli with the 
conversion of hexose to acetate, formate, lactate, succinate, ethanol, carbon dioxide (CO2) and 
hydrogen (H2) (Bornemann et al., 1989; Trinci et al., 1994). The ratio of these products may 
vary among different fungal genera, with an example of a higher proportion of malate and 
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lactate produced by Anaeromyces spp. as compared to Orpinomyces (Phillips and Gordon, 
1995). Shifts in the fermentation patterns have also been reported within the same strain 
cultivated under different conditions such as substrate-dependent changes in the molar ratio of 
fermentation products by Neocallimastix strain N1 (Lowe et al., 1987a). 
Anaerobic fungi lack mitrochondria, cytochromes and other biochemical features of the 
oxidative phosphorylation pathway. Studies on the primary glucose catabolism have revealed 
the presence in the cytosol of all major enzymes required for glycolysis through the 
Embden-Meyerhof-Parnass (EMP) pathway and the absence of glucose-6-phosphate 
dehydrogenase and the other enzymes necessary for the Entner-Dodouroff pathway (Yarlett et 
al., 1986; Orpin, 1988; O’Fallon et al., 1991; Marvin-Sikkema, 1993). 
 All anaerobic fungi studied possess organelles called hydrogenosomes, in which a major 
part of their anaerobic energy metabolism is believed to take place (Müller, 1993; Trinci et 
al., 1994; Benchimol et al., 1996). Hydrogenosomes are double-membrane bounded redox 
organelles. They are spherical, about 0.2-1 µm in size, and have been reported in a broad 
range of phylogenetically distant amitochondriate eukaryotes that inhabit anaerobic or 
microaerophilic niches (Müller, 1993, 1998). Hydrogenosomes were first reported in the 
parasitic flagellate Tritrichomonas foetus (Lindmark and Müller, 1973). Research on this 
flagellate and its relatives made clear that these organelles are characterised by a metabolic 
pathway leading to the production of molecular hydrogen with the key enzymes hydrogenase 
and pyruvate:ferredoxin oxidoreductase (PFO) (Müller, 1993; Hackstein et al., 1999). 
Hydrogenosomes of anaerobic fungi exhibit a number of traits that discriminates them clearly 
from the hydrogenosomes of Trichomonas sp. (Marvin-Sikkema, 1993; van der Giezen, 1998; 
Voncken, 2001; Hosea, 2001). They import malate rather than pyruvate and the PFO is 
replaced by pyruvate formate-lyase (PFL) (Akhmanova et al., 1999). Malate is 
decarboxylated to pyruvate by NADP-dependent malate dehydrogenase (‘malic enzyme’). 
The reduced NADPH is re-oxidized by a transhydrogenase and the NADH formed in this 
reaction is used by the hydrogenase to produce hydrogen. Pyruvate is converted by PFL to 
formate and acetyl-CoA. The latter compound is used in substrate-level phosphorylation to 
yield ATP with acetate as a product. In addition, the proton-motive force established by the 
production of hydrogen can be used to produce extra ATP. In total 1 mol of malate is 
converted to 1 mol of hydrogen, 1 mol of acetate and 1 mol of formate. 
 The evolutionary origin of hydrogenosomes has been the subject of many debates. Earlier 
studies based on biochemical evidence, like the presence of the typical bacterial enzymes 
hydrogenase and PFO in hydrogenosomes (Müller, 1980; Whatley, 1981), suggested that 
hydrogenosomes originate from symbiosis with Clostridium-like anaerobic bacteria. An 
alternative hypothesis suggested that hydrogenosomes are modified mitochondria, which have 
functionally adjusted to the anaerobic environment (Cavalier-Smith, 1987; Finlay and 
Fenchel, 1989; Embley et al., 1995). Recent studies, however, supported by rapidly 
accumulating molecular data favour the hypothesis that both hydrogenosomes and 
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mitochondria have evolved from the same progenitor organelle with exploitation of either 
aerobic or anaerobic niches giving rise to the two different organelles (Johnson et al., 1993; 
Bui et al., 1996). Furthermore, fundamental differences such as the presence of a genome in 
the hydrogenosomes of the ciliate Nyctotherus ovalis (Akhmanova et al., 1998a) and its 
absence in the same organelles from anaerobic fungi and other protists led to the hypothesis 
that the hydrogenosomes may have evolved several times in distant eukaryotic lineages 
(Hackstein et al., 1999). 
 
Cellulose / xylan: structures and degrading enzymes 
 
Cellulose and xylan structures 
 Plant material consists of three structural polymeric constituents: cellulose, hemicellulose, 
and lignin, each with their own specific characteristics and composition (Whistler and 
Richards, 1970; Kirk, 1971; Dekker and Richards, 1976; McNeil et al., 1984). (Figs. 2 and 3) 
After microbes, plant material is the most abundant biomass on earth. About 4 x 109 tonnes of 
(hemi-)cellulose are synthesised annually. Beside cellulose production by plant, algae, certain 
bacteria, marine invertebrates, fungi, slime molds and amoebae also form it. The enormous 
amount of (hemi-)cellulose produced yearly does not accumulate, because of the high 
degrading capacity of bacteria and fungi. These microorganisms play an important role in the 
recycling of carbon sources, since they use the (hemi-)cellulose as a carbon source and 
produce carbon dioxide. 
Fig. 2. Cellulose chain, showing β-1,4 linkage of glucose molecules with intra- and intermolecular 
hydrogen bonds (Teunissen and Op den Camp, 1993a). 
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 Cellulose is a long linear polymer consisting of up to 14000 glucose molecules, linked to 
each other with β-1,4 glycosidic bonds. Parallel oriented cellulose chains form insoluble 
microfibrils through hydrogen bonding (Rees et al., 1982). The rigidity of the cellulose fibrils 
gives strength to the plant.  
 Hemicelluloses in comparison to celluloses have a more branched structure with β-1,4 
linked xylose molecules as its backbone and substitutions with several different types of 
saccharides and acetyl-groups. The saccharide molecules mostly present in hemicellulose are 
xylose, arabinose, galactose, mannose and glucose (McNeil et al, 1984; Tomme et al., 1995). 
The polymer is in comparison to cellulose more accessible for water and acids. 
Hemicelluloses can be chemically degraded by phosphoric acid. The stability of the cell walls 
is being enhanced, since hemicellulose binds bundles of cellulose fibrils to form microfibrils. 
This polymer not only gives plants their stability, but also gives them their flexibility. (Fig. 3). 
 Lignin is a complex polymer composed of phenylpropane units linked by a variety of 
different chemical bonds (Kirk, 1971; McNeil et al., 1984; Tomme et al., 1995). Lignin 
protects plant from attack by microorganisms. However, there are some microorganisms’ 
known, particularly actinomycetes and white-rot fungi, that produce enzymes that degrade 
lignin. The protection of the plant against microbial attack depends on the amount of lignin 
present in the cell wall. The higher the proportion of lignin in plants the lower the chance that 
microorganisms can degrade it. Degradation of lignin happens mostly aerobically, and under 
anaerobic conditions lignin can persist for long periods. 
Fig.3. Hemicellulose of hardwood and softwood (Teunissen and Op den Camp, 1993a). Hardwood 
contains acetylated xylan, whereas softwood contains arabinoxylan. The xylan backbone consists of 
β1,4-D-xylopyranose units (X). Arab is arabinose and O-Me-α-D-GA is 4-O-methyl-α-D-glucuronic 
acid. 
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Cellulose degrading enzymes 
 Cellulose is a rich source of energy, which can be used by organisms that produce enzymes 
that degrade it into monomers. Several aerobic as well as anaerobic bacteria and fungi are 
capable of degrading cellulose. For this, the microorganisms produce three types of enzymes 
namely endoglucanases (1,4-β-D-glucan gluconohydrolase, EC 3.2.1.4), exoglucanases 
(exocellobiohydrolase, 1,4-β-D-glucan cellobiohydrolase, EC 3.2.1.91 or exoglucohydrolase, 
1,4-β-D-glucan glucohydrolase, EC 3.2.1.74), and β-glucosidases (β-1,4-D-glucoside 
hydrolase, EC 3.2.1.21).  These enzymes are released into the surrounding medium either as 
free proteins or incorporated into multi-protein complexes. In all cellulolytic organisms the 
action of these enzyme is essentially the same (Fig. 4). Endoglucanases degrade the cellulose 
polymer randomly producing additional reducing and non-reducing ends, whereas the 
exoglucanases attack the cellulose polymer from the ends, producing cellobiose that is 
degraded by β-glucosidase to glucose. Endoglucanases and cellobiohydrolases work 
synergistically and degrade cellulose polymer more efficiently than they would do as 
individual enzymes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Model for cellulose degradation (Tomme et al., 1995). Cellolytic enzymes indicated are: 
Cellobiohydrolase (CBH) I and II, Endoglucanase (EG) and β-glucosidase (β-G). 
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 The most investigated cellulose-degrading microorganisms are the aerobic soft-rot fungi of 
the genus Trichoderma. Furthermore, cellulolytic activities were studied in the soft-rot fungi 
from the genus Fusarium and in the white-rot fungus Phanaerochaete chrysosporium. These 
aerobic fungi produce only non-associated highly active celllulolytic enzymes, with a modular 
structure. The endo- and exoglucanases consist of a cellulose-binding domain (CBD) and a 
catalytic domain. The CBD is used to anchor the cellulolytic enzymes to the cellulose 
microfibrils. The exoglucanases from aerobic fungi can degrade cellulose from the reducing 
as well as from the non-reducing ends (Gritzali and Brown Jr., 1979, Kubicek et al., 1993; 
Sinnott, 1998; Teeri et al., 1998). Cellulolytic enzymes are divided into families numbered 
from 1 to 88 according to their amino acid sequence and three-dimensional structure, however 
only 16 (families 5-10, 12, 26, 44, 45, 48, 51, 55, 61, 74 and 76) are cellulases (Carbohydrate 
active enzymes (http://afmb.cnrs-mrs.fr/~cazy/CAZY); Henrissat, 1991; Davies and 
Henrissat, 1995; Henrissat and Davies, 1997, Varrot et al., 1999). 
 Aerobic cellulolytic bacteria like Pseudomonas fluorescens subsp. cellulosa. (Gilbert et al., 
1987; Rixon et al., 1992), Thermomonospora fusca (Hu and Wilson, 1988), Cellulomonas 
fimi (Meinke et al., 1993), Micromonospora cellulolyticum (Lin et al., 1994), Myxococcus 
xanthus (Quillet et al., 1995), and Cellovibrio mixtus (Fontes et al., 1998) produce also 
cellulolytic enzymes in which a CBD is linked to a catalytic domain. However, until now 
mostly endoglucanases have been isolated and characterised from these cellulolytic bacteria. 
Only a few exoglucanases have been reported.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Hypothetical organisation of the C. thermocellum cellulosome (Tomme et al., 1995). 
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 Anaerobic bacteria like Clostridium thermocellum (Bayer et al., 1985. Tokatlidis et al., 
1991), Clostridium cellulolyticum (Faure et al., 1989; Bélaich et al., 1997), Acetivibrio 
cellulolyticus (Saddler and Khan, 1981), Ruminococcus flavefaciens (Stewart et al., 1990), 
and Bacteroides cellulosolvens (Gerwig et al., 1992) have also been studied for their cellulose 
degrading capacity. In comparison to the aerobic cellulolytic microorganisms the anaerobic 
cellulolytic bacteria, especially the Clostridium spp., produce cellulolytic enzymes associated 
in a high molecular mass complex (HMM-complex) called cellulosome (Fig. 5.). 
 The cellulosomes from Clostridium spp. are attached to the cell surface and possess endo- 
and exoglucanases with a modular structure. Beside the catalytic domain the cellulolytic 
enzymes contain a so-called protein-docking domain (PDD). This PDD is used to anchor the 
cellulolytic enzymes to a non-catalytic protein, which is called cellulosome-integrating 
protein (CipA) or scaffolding protein. In several anaerobic bacterial species it is already 
isolated and characterised (Doi et al., 1994; Bélaich et al., 1997; Bayer et al., 1998). CBDs are 
not found as modules in the cellulolytic enzymes of the HMM-complex. However, a CBD is 
present on the CipA protein. The endo-acting enzymes function as described for the aerobic 
cellulose degrading microorganisms. Only exoglucanases acting from the non-reducing end 
were isolated until now. This was also observed for the aerobic bacteria, suggesting that the 
cellulolytic bacteria are devoid of exoglucanases acting from the reducing end of the cellulose 
chain. The major product produced by the cellulosome is cellobiose, which is degraded by 
β-glucosidases to glucose that in turn is used as carbon source. 
 Anaerobic fungi like Neocallimastix spp., Orpinomyces spp., and Piromyces spp. produce 
also a whole array of cellulolytic enzymes, which were studied in detail by several authors 
(Teunissen et al., 1991a, 1991b, 1992a, 1992b, 1993a, 1993b; Wilson and Wood, 1992, Xue 
et al., 1992; Béguin and Aubert, 1994; Dijkerman et al., 1997; Bhat and Bhat, 1997; Bhat, 
2000). As indicated for the cellulolytic enzymes of anaerobic bacteria, the anaerobic fungi 
also produce cellulolytic enzymes with a modular structure. The cellulolytic enzymes from 
the anaerobic fungi possess besides a catalytic domain a non-catalytic docking domain 
(NCDD) (Fanutti et al., 1995; Eberhardt et al., 2000; Steenbakkers et al., 2001), which is 
believed to have a function comparable to the PDD of anaerobic bacteria. The NCDD can be 
present in one, two or three copies on the cellulases (Fanutti et al., 1995; Li et al., 1997; Chen 
et al., 1998). Unfortunately, until now in anaerobic fungi a non-catalytic structural protein 
(scaffolding protein) needed to form an HMM-complex, has not been found. However, 
recently Freelove and co-workers (2001) reported the presence of a non-catalytic protein with 
three NCDDs and two carbohydrate-binding modules in the anaerobic fungus Piromyces equi. 
This is the first non-catalytic protein from anaerobic fungi associated in the high molecular 
mass complex. 
 Endoglucanases from anaerobic fungi degrade cellulose also randomly producing reducing 
and non-reducing ends (Chen et al., 1998; Qiu et al., 2000; Eberhardt et al., 2000). As in the 
aerobic fungi the cellobiohydrolases from the anaerobic counterparts attack the molecules 
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from their reducing and non-reducing ends and produce cellobiose (Fig. 4) (Denman et al., 
1996; Li et al., 1997). Exoglucanases acting from the reducing end are only present in fungi, 
suggesting a typical fungal enzyme. For an efficient degradation of plant cell walls the 
synergism between endo- and exo- acting enzymes is very important (Flint, 1994).  Finally, 
the cellobiose produced by the cellobiohydrolase activity is degraded by β-glucosidases to 
produce glucose molecules (Fig. 4) (Li and Calza, 1991; Hebraud and Fevre, 1990; Chen et 
al., 1992, 1994; Teunissen et al., 1992b). The isolated HMM-complexes of anaerobic fungi 
produce glucose as an end product, which suggests that beside the presence of endoglucanases 
and exoglucanases the HMM-complex contain either exoglucohydrolases or β-glucosidases. 
 
Genetic analysis of anaerobic fungal genes 
 The genomic (gDNA) and copy DNA (cDNA) clones isolated and characterised so far 
from the anaerobic fungi, show that the non-coding regions are very AT rich, whereas in the 
coding region the GC content is about 35-40% (Millward-Sadler et al., 1996; Li et al., 1997; 
Qiu et al., 2000). Until now the only promoter region studied are that from the enolase gene of 
the anaerobic fungus N. frontalis (Fischer et al., 1995) and an endoglucanase gene from the 
anaerobic fungus O. joyonii (Liu et al., 1997). Heterologous transient-expression assays were 
used to investigate the functional organisation of the N. frontalis enolase promoter. DNA 
fragments obtained by the sequential removal of sequences upstream of the translation start 
codon were fused to the Escherichia coli lacZ gene and the resulting plasmids were used to 
transform the ascomycetes Aspergillus nidulans and Penicillium roqueforti and the oomycete 
Saprolegnia monoica. Using 0.3 kb or 1 kb upstream of the enolase non-coding region a 
transient expression of the lacZ reporter gene was observed in the oomycete S. monoica. In 
contrast no β-galactosidase activity was detected in the ascomycetes A. nidulans and 
P. roqueforti. Since non-coding regions of anaerobic fungi are very AT rich (Denman et al., 
1996; Millward-Sadler et al., 1996; Liu et al., 1997; Li et al., 1997; Qiu et al., 2000), it is 
difficult to predict the TATA box in a particular gene. The accumulation of genomic data 
should lead to some consensus sequence for promoter sequences and also deletion studies in 
the 5’ regions of known genes should be carried out to reveal promoter sequences used to 
transcribe anaerobic fungal genes. 
 Comparison of gDNA and cDNA clones revealed that most of the genes from the 
anaerobic fungi are intronless (Zhou et al., 1994). Until now introns have only been found in 
an enolase gene (Durand et al., 1995). Furthermore, as described above, the characterised 
gene clusters are very homologous to bacterial counterparts, suggesting bacterial origin (Flint, 
1994; Garcia-Vallvé et al., 2000). 
 Several authors have shown already that there are multiple genes encoding (hemi-) 
cellulolytic genes in anaerobic fungi (Xue et al., 1992; Ali et al., 1995; Millward-Sadler et al., 
1996; Li et al., 1997). Furthermore, Akhmanova and co-workers (1998b, 1999) showed that 
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besides (hemi-)cellulolytic genes, metabolic genes could also occur as multiple copies. This 
was demonstrated either by isolation of different copies of the same gene (pyruvate 
fomate-lyase) or by Southern blot analysis (acetohydroxyacid reductoisomerase and pyruvate 
fomate-lyase). 
 
Metabolism of xylose 
 Agricultural and forestry residues contain large amount of xylose as a part of the 
hemicellulose (Jeffries, 1983). Since hemicellulose is the second most abundant polymer on 
earth, it is a good feedstock for production of ethanol or other chemicals. Only a limited 
number of microorganisms are capable of metabolising xylose. Bacteria and fungi use 
different metabolic pathways when using xylose as a carbon source (Fig. 6). However, if 
D-xylose is converted to xylulose it can be metabolised by many microorganisms. Bacteria 
convert D-xylose in two steps to xylulose-5-phosphate. In the first reaction D-xylose is 
converted to D-xylulose by xylose isomerase and in the second reaction D-xylulose is 
converted to D-xylulose-5-phosphate by xylulose kinase. In yeast and in fungi the conversion 
of D-xylose into D-xylulose-5-phospate proceeds in tree steps. First D-xylose is converted to 
D-xylitol by xylose reductase, followed by the conversion of xylitol to D-xylulose by xylitol 
dehydrogenase and finally, D-xylulose is converted to D-xylulose-5-phosphate by xylulose 
kinase.  
 
 
Fig. 6. The different pathway for D-xylose assimilation by bacteria and yeasts 
Bacteria
Xylose
Xylulose
Xylose isomerase
Xylulose kinase
Xylulose-5-phosphate
Yeasts and Fungi
Xylose
Xylulose
Xylose reductase
Xylulose kinase
Xylulose-5-phosphate
Xylitol
Xylytol dehydrogenase
NADPH
NADP
NAD
NADH
ATP
ATP
ADP
ADP
  General Introduction 
 
 24 
 Because of the commercial interest in producing renewable energy sources, 
microorganisms and plants are being screened for xylose metabolising enzymes (Wong et al., 
1991; Vieille et al., 1995; Kristo et al., 1996; Jeppsson et al., 1996; Chandrakant and Bisaria, 
1998, 2000; Häcker et al., 1999).  Isolation and characterisation of the xylose isomerase gene 
from Streptomyces rubiginosus revealed that it is induced by D-xylose and repressed by 
glucose (Wong et al., 1991). The most investigated organism for ethanol production is the 
yeast Saccharomyces cerevisiae (Jeppsson et al., 1996, 2002; Eliasson et al., 2000a 2000b; Jin 
et al., 2002).  For industrial production of ethanol mostly this microorganism is used. Its 
successful exploitation in the fermentation industry is mainly due to its ability to withstand a 
high ethanol concentration, without the occurrence of toxic effects (Chandrakant and Bisaria, 
1998, 2000). Since S. cerevisiae cannot use D-xylose directly as a carbon source, either the 
xylose isomerase from bacteria could be cloned into the genome of S. cerevisiae or xylose 
isomerase could be added to the growth media. S. cerevisiae cells are capable of growing on 
D-xylulose, because they contain a xylose kinase to produce D-xylulose-5-phosphate. 
Recently, Hahn-Hägerdal et al. (2001) reviewed the progress made in the last decade 
concerning metabolic engineering of S. cerevisiae for ethanolic fermentation of xylose. 
 Many attempts have been made to express bacterial xylose isomerase in the yeast 
S. cerevisiae. Until now only the bacterial xylose isomerase gene from Thermus thermophilus 
(Walfridsson et al., 1996) has been expressed in the yeast S. cerevisiae successfully. 
However, the yeast still cannot grow on xylose. Biochemical analysis showed that this 
bacterial xylose isomerase has an optimal working temperature at 85 °C and at 30 °C only 4% 
of the activity remained (Walfridsson et al., 1996). Random PCR mutagenesis to make cold 
adaptation for this xylose isomerase was carried out by Lönn and co-workers (2002). They 
managed to isolate a xylose isomerase with an optimal temperature of 75°C and a somewhat 
higher activity at 30°C. In general xylose isomerase is added to the media for xylose 
assimilation (Jeppsson et al., 1996; Kristo et al., 1996; Chandrakant and Bisaria, 1998, 2000). 
Thus far only one eukaryotic xylose isomerase gene with high homology to bacterial xylose 
isomerase genes was isolated from barley, Hordeum vulgare (Kristo et al., 1996). 
 
Aim and Outline of this thesis 
 The anaerobic fungus Piromyces sp. E2, isolated from an Indian elephant, was chosen as a 
model organism to study plant cell wall degradation because of its high capacity to degrade 
cellulose. This research was focussed on the isolation and characterisation of 
(hemi-)cellulolytic genes. Chapter 2 describes the isolation, characterisation and heterologous 
expression of an extracellular β-glucosidase. The highly expressed gene produces a modular 
protein with a negatively charged domain of unknown function. This  β-glucosidase is not a 
member of the HMM-complex, since it does not contain a NCDD. The cloning, isolation, 
characterisation and expression in Escherichia coli and Pichia pastoris of a family 6-type 
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cellobiohydrolase are described in chapter 3. This protein is a modular protein and is present 
in the HMM-complex. It is one of the most prominent protein components of the cellulosome. 
Chapter 4 shows that cellulolytic and hemicellulolytic genes are multi-copy and tandemly 
repeated head-to-tail on the genome. Furthermore, the presence of introns in the 
(hemi-)cellulolytic genes manA and cel9B is shown. The isolation and characterisation of two 
genes involved in the xylose metabolism of the anaerobic fungus Piromyces sp. E2 is 
described in chapter 5. It was shown that the anaerobic fungus follows the bacterial route to 
metabolise D-xylose. Furthermore, expression of the xylose isomerase gene in the yeast 
Saccharomyces cerevisiae was studied. 
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Abstract 
 
Anaerobic fungi have very high cellulolytic activities and thus degrade cellulose very 
efficiently. In cellulose hydrolysis, β-glucosidases play an important role in prevention of 
product inhibition because they convert oligosaccharides to glucose. A β-glucosidase gene 
(cel1A) was isolated from a cDNA library of the anaerobic fungus Piromyces sp. E2. 
Sequence analysis revealed that the gene encodes a modular protein with a calculated mass of 
75,800 Dalton (Da) and a pI of 5.05. A secretion signal followed by a negatively charged 
domain with unknown function was coupled with a short linker to a catalytic domain that 
showed high homology with glycoside hydrolases belonging to family 1. Southern blot 
analysis revealed the multiplicity of the gene in the genome. Northern blot analysis showed 
that growth on fructose resulted in a high expression of cel1A. The cel1A gene was 
successfully expressed in Pichia pastoris. The purified heterologously expressed protein was 
shown to be encoded by the cel1A gene, by MALDI-TOF MS analysis of a tryptic digest. 
Purified heterologous Cel1A was active towards several artificial and natural substrates with 
β-1-4 linked glucose molecules with a remarkably high activity on cellodextrins. The enzyme 
was strongly inhibited by D-glucono-1,5-δ-lactone (Ki=22 µM), but inhibition by glucose was 
much less (Ki=9.5 mM). pH and temperature optima were 6 and 39°C, respectively. The 
enzyme was fairly stable, it retained more than 75% of its activity when incubated at 37 °C 
for 5 weeks. Transglycosylation activity could be demonstrated by MALDI-TOF MS analysis 
of products formed during degradation of cellopentaose. 
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Introduction 
 
β-Glucosidases convert cellobiose and cellodextrins, produced by the action of 
endoglucanases (EC 3.2.1.4) and exoglucanases (EC 3.2.1.91), to glucose. Since cellobiose is 
often inhibitory for endo- and exoglucanases, the action of β-glucosidase is necessary for 
rapid cellulose degradation (Grabnitz and Staudenbauer, 1988, Chen et al., 1992). 
Furthermore, several β-glucosidases are known to convert aromatic glycosides. These types of 
enzymes are described in plants where they are involved in defence against pathogens and 
activation of phytohormones (Inoue and Ebizuka 1996). β-Glucosidases are employed in 
industry for hydrolysis of bitter compounds during juice extraction and liberation of aroma 
from wine grapes (Gueguen et al., 1996). Another application is the use of these enzymes in 
the conversion of cellulosic material on an industrial scale. To improve current 
saccharification yields, which are uneconomic, β-glucosidase preparations are added to 
supplement commercial cellulases (Woodward et al., 1993). 
Anaerobic fungi, isolated from the digestive tract or faeces of herbivores, have attracted 
much attention, because of their relatively high (hemi-)cellulolytic capacity compared to other 
cellulolytic organisms (Bornemann et al., 1989, Teunissen et al., 1991, Xue et al., 1992, 
Williams et al., 1994). Enzyme preparations from the anaerobic fungus Piromyces sp. E2 
isolated from the faeces of an Indian elephant, very effectively converted microcrystalline 
cellulose to glucose and surpassed the performance of a combined preparation of commercial 
cellulases (Teunissen et al., 1991, Dijkerman et al., 1997). At 2% (w/v) substrate 
concentration a complete conversion to glucose was observed without the accumulation of 
intermediates, indicating the presence of highly active β-glucosidases (β-D-glucoside 
glucohydrolase, EC 3.2.1.21). This suggests that both in aerobic and anaerobic fungi 
β-glucosidases play a crucial role in the degradation of cellulose (Fowler and Brown, 1992, 
Chen et al., 1994). 
 β-Glucosidases from several anaerobic fungi have been purified to homogeneity and 
characterised biochemically (Chen et al., 1994, Hebraud and Fevre, 1990, Li and Calza, 1991, 
Teunissen et al., 1992) but information on gene sequences is limited. Anaerobic fungi have the 
disadvantage of low biomass yields compared to their aerobic counterparts, but compensate 
that with an efficient cellulolytic system. Therefore, expression of interesting genes in aerobic 
hosts can be a good alternative. For this purpose more knowledge is needed on β-glucosidase 
encoding genes. This study reports the cloning of a glycoside hydrolase family 1 
β-glucosidase (cel1A) from a cDNA library of Piromyces sp. E2. The gene was characterised 
and successfully expressed in the yeast Pichia pastoris. The heterologous protein was studied 
with respect to a number of properties. 
 
Materials and Methods 
 
Organism and growth condition 
 
The anaerobic fungus Piromyces sp. E2 (ATCC 76762) was isolated from the faeces of an 
Indian elephant and grown anaerobically under N2/CO2 (80%/20%) at 39°C in M2 medium 
supplemented with Avicel or fructose as carbon source at 5 g/l  (Teunissen et al., 1991). 
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Random screening of the cDNA library and sequence analysis 
 
A Piromyces sp. E2 cDNA library was constructed in λ ZAPII vector as described 
previously (Akhmanova et al., 1998). About 100 randomly picked cDNA clones were 
sequenced with the M13 reverse primer to determine the 5’ sequences of the clones. 
Full-length sequences of interesting clones were obtained by sub-cloning in the pUC18 vector 
and by using internal sequencing primers (Table 1). To complete 5’ end cDNA sequences 
RACE-PCR was performed with Piromyces sp. E2 cDNA ligated into λ ZAPII vector as a 
template and the primers 218, 219 and 352 (Table 1). These primers were designed from the 
sequence of the incomplete AK45 clone (Fig. 1). The RACE-PCR products were cloned into 
the pCR 2.1 vector (Invitrogen) and sequenced with the ABI Prism Model 310 sequencer 
using dRhodamine terminator cycle sequencing ready reaction DNA sequencing kit (Perking 
Elmer Applied Biosystems). Sequencing primers are given in Table 1. To ensure that the 
obtained sequence belonged to one gene, PCR with 5’ primer 367 and 3’ primer 278 and 
cDNA as a template was performed (Table 1, Fig. 1). The amplified full-length product was 
cloned in the pCR 2.1 vector and the sequences were determined for both strands as described 
above. Sequences were analysed with the GCG Sequence Analysis package (Devereux et al., 
1984). Phylogenetic analysis was performed with the PHYLIP v3.5c program (Felsenstein, 
1993). 
 
Southern and Northern blotting 
 
Piromyces sp. E2 was grown for 48 hours in M2 medium and harvested by filtration over 
nylon gauze (30 µm pore size). Biomass was frozen in liquid nitrogen and lyophilised  
(Lyovac GT 2, Leybold Heraeus). Genomic DNA (gDNA) was isolated according to 
Brownlee (Brownlee, 1994) with additional RNAse treatments. The gDNA was digested with 
different restriction enzymes and separated on a 0.7% agarose gel (Sambrook et al., 1989). 
Total RNA was isolated from fungal biomass grown on Avicel or fructose as carbon source 
using the guanidinium chloride method (Chirgwin et al., 1979). Poly (A)+  RNA was prepared 
using an mRNA purification kit (Pharmacia). RNA was separated on a 1.2% 
agarose-formaldehyde gel. Gels were blotted to Hybond N+ membrane (Amersham). DNA 
probes were labelled by PCR with α[32 P]-dATP (ICN Biomedicals); using M13 forward and 
reverse primers with clone AK45 as a template. Hybridisation was performed at 60°C in 0.5 
M sodium phosphate buffer, pH 7, 7% (w/v) sodium dodecyl sulphate (SDS), 1% w/v bovine 
serum albumin and 1 mM ethylenediaminetetraacetic acid. Filters were washed stringently 
with 50 mM sodium phosphate buffer, pH 7 and 0.5% (w/v) SDS at 60°C (Southern, 1975). 
Autoradiography was carried out with Kodak Xomat S film. 
 
Expression study 
 
Heterologous expression was performed in Escherichia coli, Saccharomyces cerevisiae 
and Pichia pastoris. Primer sets used for preparation of expression constructs were 368/278, 
367/278 and 393/392, respectively (Table 1). The amplified products were cloned into the 
pGemT Easy vector generating pGemT/cel1A, and were transformed into competent E. coli 
Top 10F cells (Promega), which were plated out on LB plates containing 50 µg/ml ampicillin.  
Recombinant plasmid DNA isolated from E. coli was digested with the restriction 
endonuceases SstI/PstI or SfiI/XbaI, as these sites were included in the primers (Table 1).  
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The E. coli expression construct was cloned in frame with a 5' His-tag into the PQE 30 
vector (Qiagen). The cel1A PQE 30 construct and the empty PQE 30 vector were transformed 
into K12-derived E. coli strain M15 [pREP4] (Harhangi et al., 1999). Growth and induction 
were performed as described by the manufacturer’s protocol (Qiagen). 
The S. cerevisiae construct was cloned into pEL 26 and pEL 30 and transformed into the 
yeast S. cerevisiae strain BJ1991 (matα, leu2, trp1, ura3-251, prb1-1122, pep4-3). The 
transformants were plated out on minimal agar plates containing 0.67% (w/v) yeast nitrogen 
base (YNB) without amino acid, 2% (w/v) glucose, 0.01% (w/v) leucine and 0.01% (w/v) 
tryptophan. Induction was performed in the same medium, replacing glucose by galactose, 
0.1% (v/v) oleic acid, 0.2% (v/v) and tween 80, 0.01% (w/v). 
The P. pastoris construct was cloned into the pPICZα vector, which was digested with 
SfiI/XbaI. The transformants were selected on LB low salt plates containing 25 µg/ml zeocin. 
The cel1A-pPICZα recombinant vector and an empty pPICZα vector were linearised with 
SacI restriction endonuclease and used to transform P. pastoris strain KM71 competent cells, 
according to the manufacturers protocol  (Invitrogen). The transformed cells were plated out 
on YPDS plates (Oxoid) containing 100 µg/ml zeocin as selective antibiotic. The empty 
pPICZα vector was used as a negative control. For expression transformants were grown on 
250 ml of minimal medium containing 1% (v/v) glycerol as carbon source. When cultures 
reached an OD600 of 6.0 (3 days), the cells were collected by centrifugation and resuspended 
in 250 ml of minimal medium containing 0.5% (v/v) methanol to induce protein expression. 
Induction was continued for 4 days by daily addition of methanol to 0.5% (v/v). After 4 days, 
the cells were removed by centrifugation for 20 min at 10,000 x g (4°C). The supernatant with 
the expressed protein was concentrated 20-fold using an YM30 Diaflo ultra filtration 
membrane (Amicon). The concentrated supernatant was adjusted with 3 M NaCl and 1 M 
imidazole to final concentrations of 300 mM and 10 mM, respectively. The pH was adjusted 
to 8 using 10 M NaOH. The enzyme preparation was loaded on a Ni-NTA column (Qiagen). 
The column was washed with a solution of 300 mM NaCl, 20 mM imidazole (pH 8), until the 
protein concentration of the eluent was below 0.01 mg/ml. Bound protein was eluted as one 
peak with 300 mM imidazole. The eluted protein was dialysed against 50 mM phosphate 
buffer (pH 8). 
 
Protein and enzyme assay 
 
Protein concentrations were measured with the Bio-Rad protein reagent, using γ-globulin 
as a standard.  
β-Glucosidase assays were carried out in 0.1 M phosphate/citrate buffer, pH 6, at 39°C 
with p-nitrophenyl-β-D-glucoside (pNPG, Sigma) as a substrate, unless stated otherwise  
(Teunissen et al., 1991). Briefly, 10 µl enzyme (about 0.8 µg of protein), 1-10 mM of pNPG, 
32 µl 1 M phosphate/citrate buffer (pH 6) and deionised water to a final volume of 320 µl 
were mixed. After the incubation period, the reaction was stopped with 680 µl 1M Na2CO3 
and the absorbance was measured at 420 nm. Enzyme reactions were linear over the time 
period of the assay. 
 
Protein characterisation 
 
The heterologous Ni/NTA-purified protein was diluted 1:1 with sample buffer (62.5 mM 
Tris/HCl, pH 6.8 containing 2.3% (w/v) SDS, 10% (w/v) glycerol, 5% (w/v) 
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β-mercaptoethanol and 0.01% (w/v) bromophenol blue), incubated for 18 h at 20°C 
(Teunissen et al., 1992) and loaded on a 7.5% polyacrylamide slab gel (6 µg of protein/lane) 
in the presence of SDS (0.1% w/v) (Laemmli, 1970). Molecular weight standards were 
obtained from BioRad laboratories (Richmond, USA). Gels were stained for protein with 
Coomassie Brillant Blue R-250 (Serva, Heidelberg, FRG) or periodic acid Shiff reagent to 
detect protein glycosylation (Glossmann and Neville, Jr., 1971). Alternatively, gels were 
subjected to zymogram analysis for detection of β-glucosidase activity (Teunissen et al., 
1992). 
The heterologous protein was also characterised by matrix assisted laser 
desorption/ionisation time of flight mass spectrometry (MALDI-TOF MS, Biflex III, Bruker, 
FRG). Protein eluting from the Ni/NTA column was dialysed against 10 mM NH4HCO3 and 
lyophilised. About 10 µg of this protein was mixed with 5 µl of trifluoracetic acid (TFA, 0.1% 
v/v) and 5 µl of matrix solution (a saturated solution of sinapic acid in a 50:50 mixture of 
acetonitrile and 0.1% TFA (v/v). A volume of 1 µl from this mixture was spotted on the target 
plate. MALDI-TOF MS analysis was also done after tryptic digestion of the purified protein. 
Protein (76 µg) was dissolved in 64 µl of 50 mM NH4HCO3 (pH 8). The S-S linkages were 
reduced by adding 1 µl of 45 mM freshly prepared dithiothreitol (DTT) to the solution 
followed by incubation for 15 min at room temperature (RT). Thereafter, -SH groups were 
alkylated by adding 1 µl of 100 mM iodacetamide and incubation for 15 min at RT. Then 
trypsin was added (trypsin:  protein ratio 1:50 w/w) and the mixture was incubated for 24 h at 
37°C. Finally, the reaction was stopped by adding 5 µl of 10% w/v TFA and the mixture was 
lyophilised (Lyovac GT 2, Leybold Heraeus). The lyophilised tryptic digest was spotted on 
the target plate after addition of TFA and matrix solution as described above. Sinapic acid 
was replaced by α-cyano-4-hydroxy-cinnamic acid. Native protein and the tryptic digest were 
analysed in the linear and reflectron mode, respectively. Selected peptides were subjected to 
post source decay analysis to confirm their sequence. 
 
Enzyme characteristics 
 
The optimum pH of the heterologous expressed protein was tested at 39°C with 10 mM 
pNPG as a substrate varying the pH of the 0.1 M citrate/phosphate buffer from 4 to 8. The 
optimum temperature was determined in 0.1 M citrate/phosphate pH 6 with 10 mM pNPG 
and varying the temperature between 30 and 65°C. Temperature stability was tested by 
pre-incubating an enzyme sample for 15 min at temperatures from 30 to 65°C followed by 
measurement of remaining activity under standard conditions. Furthermore, the enzyme was 
stored for 35 days at 37, 20, 4 and -20°C with frequent check of activity. To prevent bacterial 
growth during long-term incubations sodium azide was added to a final concentration of 50 
mM. 
The substrate specificity was tested by replacing p-nitrophenyl-β-D-glucoside (pNPG) 
with other p-nitrophenol-coupled compounds, e.g. p-nitrophenyl-β-D-galactoside (pNP-gal), 
p-nitrophenyl-α-D-glucoside (α-pNPG), p-nitrophenyl-β-D-xylanoside (pNPX) in the 
standard assay. Furthermore, the two substrates, methylumbelliferyl-β-D-cellobioside (MUC) 
and methylumbelliferyl-β-D-glucoside (MUG), were tested. The 4-methylumbelliferone 
released was visualised on an UV transilluminator (365 nm). The activity on cellobiose, 
cellotriose, cellotetraose, cellopentaose, lactose, octyl-β-D-glucopyranose, maltose, trehalose, 
salicin and Avicel was analysed by measurement of released glucose with the glucose assay 
kit (Sigma).  
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Kinetic constants for the different substrates were determined from Lineweaver-Burke plots 
varying the concentrations of the substrates between 1 and 10 mM. Furthermore, inhibitory 
effects of glucose, cellobiose and the specific inhibitor D-glucuno-1,5-δ-lactone on pNPG 
activity were measured. 
Product formation from cellopentaose was determined by MALDI-TOF MS analysis. 
Cellopentaose (1 mM) was incubated with 7.6 µg of NTA-purified protein in 0.1 M phosphate 
buffer, pH 6, in a total volume of 500 µl. At different time intervals (0, 0.5, 1, 1.5, 2 and 16 h) 
samples were taken. Enzyme reactions were stopped by treatment at 100°C for 5 min. After 
centrifugation the samples were analysed for glucose formation and subjected to MALDI-
TOF MS. A saturated solution of α-cyano-4-hydroxy-cinnamic acid in a 50:50 mixture of 
acetonitrile and 0.1% TFA v/v was used as matrix. Samples and matrix solution were mixed 
in a 1:1 ratio and 1 µl samples were spotted on the target plate. 
 
Fig. 1. Cel1A domain structure and strategy for cDNA cloning. The upper diagram shows the coding 
region of the cel1A gene with restriction sites. The middle diagram represents the longest of the 4 
clones from the random screening. The bottom diagram represents the product of the RACE-PCR. The 
primers used to amplify the complete coding sequence and for 5' RACE are indicated by arrows. For 
composition of the primers used for RACE-PCR and sequencing see Table 1. Black region, grey 
region and white region indicate the signal sequence, the negatively charged domain and the catalytic 
domain, respectively. The complete coding region contains 1992 bp. 
 
 
      48 AAGAAATGTGTCGTTAGAAATCCAACTGATAGTGCTAAGACTAATGATGTTAAAGCTCCA          
      17 K  K  C  V  V  R  N  P  T  D  S  A  K  T  N  D  V  K  A  P          
                                                                               
     109 GTTACTGACGACATTCCATCTGACAATGAAACTCCAGTTAATGTCGACGAAAACACTCCA          
      37 V  T  D  D  I  P  S  D  N  E  T  P  V  N  V  D  E  N  T  P          
                                                                  
     169 TTAGATAAGGAAGAAGATTCTGGTATTGAAAACTCTGATATTGAAAATTCAGAAGACAAA          
      57 L  D  K  E  E  D  S  G  I  E  N  S  D  I  E  N  S  E  D  K            
                                                  
     229 CCAAAAGGTAAACTTCCAGCCGAT          
      77 P  K  G  K  L  P  A  D 
 
Fig. 2. The negatively charged domain of cel1A. The first repeated sequences are underlined and in 
italic. The second are in bold characters and the third are underlined and in bold characters. 
Coding seq.
AK45
5’ RACE
Signal sequence
Negative charged Domain
Catalytic Domain
Sal I EcoR I
EcoR I
BamH I
Kpn I BamH I
367 278
M13 rev 352
218
219
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Table1. Primers used in this study 
Primer For/rev Position Sequence from 5' to 3' Length 
No.  begin end    
218 Rev 807 827 CTGTATGGAGCCTTACCTGGA 21 
219 Rev 783 806 CCAAGACGGTAACCGGAAACACAG 24 
278 Rev 1984 2003 (PstI)TACTGCAGTCGACACTTAAGCTTGTTCTACG 31 
352 Rev 818 835 CAGTACATCTGTATGGAGC 19 
365 For 1946 1963 ATTCTCTTACCTTCCTTG 18 
367 For 1 21 (SstI)AAGAGCTCATGAAGWCTCTTWCTATTTC 29 
368 For -4 14 (SstI)GTGAGCTCAAAAATGAAGWCTCTTWC 26 
391 For 271 292 (SfiI)GTGGCCCAGCCGGCCACTATGACYGCTGCTTACCAAGTKGAAG 43 
392 Rev 1978 1995 (NotI,XbaI)GTGCGGCCGCTCTAGAGCTTGTTCTACGTTTTC 33 
393 For 1 21 (SfiI)GTGGCCCAGCCGGCCAAATGAAGWCTCTTWCTATTTTC 38 
406 Rev 1617 1634 TTAGCACGACTGACCTTG 18 
407 Rev 958 975 ATCTTCTAATCTTTGTTG 18 
447 For 979 979 TGGTGTTCTCACAACATTC 19 
448 For 472 491 CATTACCGTTTCTCCATGTC 20 
449 For 713 730 CCGAATTCTGTTTCGAAC 18 
450 Rev 1232 1248 CATATCCTTACCCATTC 17 
 
The nested primers 218, 219, 352 together with the M13 universal reverse primer were used for 
RACE-PCR. For expression in E. coli, the primer combination 368/278 was used in a PCR to amplify 
the total coding region. The primer combination 367/278 was used to produce full-length constructs 
for expression in S. cerevisiae and the primer combination 393/392 was used for expression in 
P. pastoris. Restriction sites in the primers used for heterologous expressions are shown as bold 
characters with the particular restriction endonuclease(s) between brackets. The other primers were 
used for sequencing. Position 1 refers to the A in the ATG start codon. 
 
Results 
 
Isolation of the β-glucosidase gene and sequence analysis 
 
 Growth of Piromyces sp. E2 on fructose was shown to result in high activities of 
cellulolytic enzymes, including β-glucosidase activity (Teunissen et al., 1992). Therefore we 
randomly screened a cDNA library prepared from fungal biomass after growth on fructose 
(Akhmanova et al., 1998, 1999) for highly expressed genes encoding cellulolytic enzymes. 
Four out of 100 clones (AK45, F8, F13, H129) appeared to encode genes with high homology 
to family 1 type β-glucosidases and each clone included a putative stop codon followed by an 
AT-rich 3’ untranslated region (UTR) of 311 bp. There was a 100% sequence identity 
between these clones in this region. However, all clones were incomplete at the 5’ end. 
Therefore, 5’ RACE-PCR was carried out to identify upstream sequences. Although the 
obtained 5’ UTR comprised only 4 bp, the presumed starting methionine residue was 
preceded by 4 adenosines and the first 66 bp encoded a signal peptide (see below). Based on 
the sequences obtained, two primers (367 and 278, Table 1, Fig. 1) were designed, which 
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were used to amplify the entire coding region from a cDNA template. The amplified 
full-length product, named cel1A, was cloned in the PCR2.1 vector and used for 
transformation. This resulted in clone 367/278pGemT1, which was sequenced unambiguously 
by sub-cloning and use of internal primers (Table 1). The nucleotide (nt) sequence was 
submitted to the GenBank under accession number AJ 276438. 
The Cel1A gene encodes a protein of 664 amino acid (aa) with a calculated molecular mass 
of 75,800 Da and an isoelectric point of 5.05. The first 20 amino acids showed the typical 
features of a secretion signal. By use of the Expert Protein Analysis System (ExPASy, Zürich, 
Switserland) the presence of a signal sequence was indicated; the program predicted cleavage 
 
Organism                   Position     Acid/base    Nucleophile 
 
                            +     + 
Piromyces sp. E2         (256, 510) WITTNEP  VITENGC 
Orpinomyces sp. PC-2       (250, 523) WITINEP  VITENGC 
Costus speciosus         (260, 472) WITLNEP  YITENGT 
Trichoderma reesei        (165, 367) WITFNEP  YVTENGT 
Humicola grisea          (166, 377) WITFNEP  YVTENGT 
Trifolium repens         (194, 408) WITLNEP  YITENGS 
Bacillus circulans        (166, 355) WITFNEP  YITENGA 
 
Fig. 3.  Alignment of the regions surrounding the putative acid/base and nucleophile of some typical 
representatives of glycosyl hydrolase family 1. Number in parentheses denote the residue numbers of 
the glutamate (acid/base) and glutamate (nucleophile), which are indicated by a ’+’. Identical residues 
are shown in bold characters. The accession numbers can be found in the legend of Fig. 6. 
 
Fig. 4. Southern blot with genomic DNA from Piromyces 
sp. E2 probed with the AK45 clone including the 3’ UTR 
after digestion with different restriction enzymes.  
 
Fig. 5. Northern blot with total RNA from Piromyces sp. E2 
probed with the cDNA probe encoding acetohydroxyacid 
reductoisomerase (A) (Akhmanova et al., 1998) and the 
AK45 probe (see above) (B). RNA was extracted from 
biomass grown on Avicel and fructose.  
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Fig. 6. Phylogenetic tree based on distance matrixes prepared from alignments of glycosyl hydrolase 
family 1 sequences from several organisms. Organisms and their accession numbers are: Arabidopsis 
thaliana (S57621), Brassica napus (S52771), Manihot esculente (S23940), Sinapis alba (P29092), 
Trifolium repens (P26204), Costus speciosus (S78099), Avena sativa (S50756), Zea mays (P49235), 
Bifidobacterium breve (JC5137), Streptomyces strain QM-B814 (S45675), Bifidobacterium bispora 
(P38645), Caldocellum saccharolyticum (P10482), Thermotoga maritima (Q08638), Agrobacterium 
strain 21400 (P12614), Clostridium thermocellum (P26208), Bacillus circulans (Q03506), 
Paenibacillus polymyxa (P22073), Lactobacillus casei (P14696), Trichoderma reesei (AB003109), 
Humicola grisea (AB003110), Orpinomyces sp. PC-2 (Q9UUQ3). Bootstrap values indicate the 
percentages of occurrence of 100 bootstrapped trees. Bar = 10 substitutions per 100 amino acid 
residues. The different clusters within this family are indicated. 
 
after amino acid 16. The remaining sequence (MW 74,314 Da) showed two separate domains. 
The first domain was formed by a 64 amino acid stretch with a net negative charge, two 
unusual and one tandem repeats (Fig. 2). This negatively charged domain showed no 
homology to known sequences in the databases. The second domain has high homology to the 
catalytic domain of family 1 glycoside hydrolases. Fig. 3 shows the highly conserved motifs 
of this catalytic domain with the putative acid/base and nucleophile residues aligned with 
some other representative members of this family 1. The protein sequence showed four 
possible N-glycosylation sites (consensus Asn-X-Ser/Thr) at positions 130-132 
(Asn-Ser-Thr), 202-204 (Asn-Ileu-Thr), 286-288 (Asn-Asp-Thr) and 641-643 (Asn-Leu-Thr). 
It appears likely that the isolated gene encodes an extracellular β-glucosidase (Cel1A) and this 
was biochemically confirmed (see below). 
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To answer the question whether introns were present, primers 367 and 278 (Table 1) were 
used in a PCR with genomic DNA as a template. The product was cloned and sequenced. 
Subsequent sequence comparison between the genomic DNA and cDNA clones showed a 
100% match indicating the absence of introns. 
 
 
Fig. 7. MALDI-TOF MS analysis during hydrolysis of cellopentaose. At different time intervals 
samples were spotted on the target plate and analysed. Numbers indicate the number of glucose 
residues. Asterisks point to matrix derived mass peaks. 
 
Gene copy number 
 
 Clone AK45 was used to prepare a probe for Southern blot analysis (primer set M13 
forward and M13 reverse). The probe comprises about 1500 nt at the 3’ part of cel1A. The 
results of the blot are given in Fig. 4. Although the two small fragments observed in lane 1 
(BamHI) and 3 (EcoRI) are in agreement with the restriction analysis of cel1A (Fig. 1), the 
other numerous hybridisation signals in all lanes (gDNA digested with BamHI, ClaI, EcoRI, 
KpnI and XbaI) do not coincide. Apparently multiple copies exist of cel1A.  
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Expression of cel1A  
 
 Northern blot analysis revealed the presence of single transcript of 2500 nt (Fig. 5). The 
length of the transcript is in good agreement with the length of the corresponding cDNA. A 
probe against acetohydroxyacid reductoisomerase was used as a loading control (mRNA 
about 1500 nt). Compared to the expression of the control, the signal obtained on fructose was 
somewhat higher compared to microcrystalline cellulose (Avicel). Careful examination of the 
X-ray film point to the presence of more transcripts with almost identical lengths (see also 
above). 
 
Phylogenetic analysis 
 
 The deduced amino acid sequence of the β-glucosidase from Piromyces sp. E2 (Cel1A) 
showed highest homology to the family 1 β-glucosidase of Costus speciosus (33% identity, 
48% similarity). Cel1A was aligned against similar sequences available from protein 
databases. The regions involved in enzymatic activity (see also above) could be clearly 
identified. The alignment was used to construct a phylogenetic tree (Fig. 6). The known 
enzymes from the glycoside hydrolase family 1 divide into several distinct clusters. The plant 
β-glucosidases and the bacterial β-glucosidases form two of these clusters. The 
6-phospho-β-glucosidases, which are also present in enzyme family 1 β-glucosidases, are 
represented by the Lactobacillus casei protein. The two sequences of aerobic fungi group 
together as do those of the anaerobic fungi Piromyces sp. E2 and Orpinomyces sp. PC-2.  
 
Heterologous expression studies  
 
 The cel1A gene was fused to a N-terminal His-tag and expressed in E. coli under the 
control of the E. coli phage T5 promoter. The heterologous protein could be recovered from a 
crude extract prepared under denaturating conditions by Ni-NTA affinity chromatography. 
Analysis on SDS-PAGE revealed a single band (data not shown). However, enzymatic 
activity could not be detected despite attempts to dialyse and refold the protein. Extraction 
under non-denaturating conditions also yielded no active protein. Expression in S. cerevisiae 
resulted in unstable transformants. 
In another attempt the cel1A gene was expressed in P. pastoris under control of the alcohol 
oxidase promoter. The expression construct contained a N-terminal excretion signal and a 
myc-epitope and a His-tag at its C-terminus. After induction with methanol an increase in 
pNPG activity was observed in the culture fluid. After 4 days, culture fluid was concentrated 
the heterologous protein was purified over a Ni-NTA column. About 2 mg of protein with 
β-glucosidase activity was recovered. Another expression construct did not contain the 
P. pastoris N-terminal excretion signal. Still the recombinant protein could be recovered from 
the culture fluid proving that P. pastoris recognizes the Piromyces sp. E2 excretion signal. 
 
Characterisation of the heterologous expressed protein 
 
 The purified Cel1A was analysed on SDS-PAGE. A single broad band was observed at a 
mass range of 75 - 100 kDa when stained with Coomassie Brilliant Blue. The band also 
stained positive with Schiff’s reagent, specific for glycoproteins. The sequence data showed 4 
possible glycosylation sites (see above). Analysis of Cel1A by MALDI-TOF MS resulted in a 
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broad peak with an average mass of about 94 kDa. The calculated mass of the heterologous 
protein (with His-tag and myc-epitope) was 79,957 Da. 
 The purified heterologous protein was cleaved with trypsin and the digest was subjected to 
MALDI-TOF MS analysis. The MALDI-spectrum showed 13 out of the 33 predicted 
peptides. Two of the peptides were subjected to post source decay analysis. For both peptides 
the proposed sequence could be confirmed: the peptide at 1077.5 Da showed the sequence 
VGLNWFHDR (position 510-518 of Cel1A) and the peptide at 1029.5 Da showed the 
sequenceYGGWLDYR (position 222-229 of Cel1A). 
 
Table 2.  Substrate specificity of Cel1A 
  Substrate Activity (%) 
  Cellobiose (1 mM) 100 
  Cellotriose (1 mM) 129 
  Cellotetraose (1 mM) 169 
  Cellopentaose (1 mM) 215 
  pNPG (5 mM) 88 
  MUC (5 mM) 38 
  MUG (5mM) 52 
  Lactose (5 mM) 32 
  Octyl-β-glucopyranoside (5 mM) 10 
  Salicin (5 mM) 7 
 
Activity was measured as released glucose and expressed in % relative to cellobiose as a substrate 
(100% activity corresponded with 0.25 IU/mg protein). For abbreviations see text. 
 
Properties of the heterologously expressed protein 
 
 The Cel1A protein had a broad pH optimum of 5.7 - 6.3 and maximum activity was found 
at a temperature of 47°C, using pNPG as a substrate. No loss of activity was observed after 
storage for 35 days at -20°C, 4°C and RT. When the protein was stored at 37°C, 75% of the 
initial activity remained after 35 days.  
 The Cel1A protein liberated p-nitrophenol from the artificial substrates 
p-nitrophenyl-β-D-fucoside (Km, 0.8 mM; Vmax, 192.5 IU/mg) and p-nitrophenyl-β-D-
glucoside (pNPG; Km, 1.0 mM; Vmax, 66.5 IU/mg). No activity was found with p-nitrophenyl-
α-D-glucoside, pـnitrophenyl-β-D-galactoside, and p-nitrophenyl-β-D-xylanoside. 
 Glucose-forming activity was found with cellobiose and pNPG as substrates (Table 2). 
However, glucose formation rates from cellodextrins were higher. Compared to cellobiose the 
rate of glucose formation on cellopentaose was doubled. The enzyme also liberated glucose 
from methylumbelliferyl-β-D-cellobioside (MUC), methylumbelliferyl-β-D-glucoside, 
(MUG) and lactose. Low activity was observed with octyl-β-D-glucopyranoside and salicin 
while no glucose was formed from maltose, trehalose and Avicel. 
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 The product formation from cellopentaose was followed by MALDI-TOF MS analysis 
(Fig. 7). The sodium (masses + 23) and potasium (masses + 39) adducts of the cellodextrins 
are visible in the spectrum. The products appearing after 30 min are cellotetraose (peak 4) and 
cellohexaose (peak 6). This indicates an exoglucohydrolase type of hydrolysis and a chain 
elongation activity. As hydrolysis proceeds (1 h and 2 h) glucose, cellobiose and cellotriose 
peaks appear together with celloheptaose and cellooctaose. After 16 h of incubation 4.7 mM 
of glucose was formed (94% conversion) as determined by a coupled enzymatic assay. 
Although glucose does not yield many ions in MALDI-TOF MS the glucose peak is clearly 
present (peak 1). 
 D-glucono-1,5-δ-lactone and cellobiose acted as competitive inhibitors of pNPG 
hydrolysis with inhibition constants (Ki) of  0.022 mM and 0.17 mM, respectively. With 
glucose 50% inhibition was found at 9.5 mM. Cellodextrines also appeared to inhibit their 
own conversion at concentrations above 1 mM (data not shown). 
 
Discussion 
 
In many microorganisms, β-glucosidase is the rate-limiting enzyme in cellulose hydrolysis 
and the resulting accumulation of cellobiose inhibits endoglucanase and exoglucanase 
activities (Kadam and Demain, 1989). The anaerobic fungus Piromyces sp. E2, however, 
efficiently degrades cellulose to glucose during growth without accumulation of 
intermediates. The total β-glucosidase activity of Piromyces was affected only slightly by the 
presence of relatively large amounts (50 mM) of glucose (Dijkerman et al., 1997). About 30% 
of the β-glucosidase activity appeared to be cell wall bound (Teunissen et al., 1992). The 
extracellular β-glucosidase activity is evenly distributed between the high molecular mass 
complex (cellulosome) and free enzyme. The purified non-complex-bound β-glucosidase also 
showed hardly any inhibition by 20 mM glucose (Teunissen et al., 1992). During a survey of 
highly expressed genes several clones were found that encoded a protein with high similarity 
to family 1 glycoside hydrolases. This β-glucosidase gene was named cel1A. 
 Southern blot analysis showed numerous hybridisation signals. This multiple band pattern 
was not caused by incomplete digestion since the same blots were also used to hybridise with 
a malate dehydrogenase probe in a previous study (Akhmanova et al., 1998). This enzyme 
appeared to be the product of a single copy gene. Therefore it is likely that multiple copies of 
the cel1A gene exist in the genome of Piromyces sp. E2. 
 Northern blotting showed that the cel1A gene was indeed highly expressed in Piromyces. 
Comparison of the gDNA and cDNA clone showed the absence of introns. Furthermore, the 
amino acid sequence revealed a modular structure (Fig. 1) with a signal peptide followed by a 
negatively charged domain with internal repeats (Fig. 2) and a family 1 type β-glucosidase 
catalytic domain (Fig. 3). The negatively charged domain did not show any homology to 
sequences present in the databases. The domain may be involved in cell wall binding of the 
enzyme (Cel1A). It was shown before that several cellulolytic enzymes have the capacity to 
bind to cell walls (Teunissen et al., 1992; Kubicek, 1987; Akiyama et al., 1998; Shoham et al., 
1999). 
 Cel1A is not a component of the high molecular mass complex, since it does not contain a 
noncatalytic docking domain (NCDD) (Fanutti et, al., 1995; Steenbakkers et al., 2001). A 
phylogenetic analysis showed that the family 1 β-glucosidases from the anaerobic fungi 
(group D) did not cluster with any other group including the aerobic fungi. The separate 
position is also illustrated by the presence of some inserted stretches of amino acids. 
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 Cel1A was expressed in E. coli as a fusion protein. A catalytically inactive protein of the 
correct mass (75 kDa) could be purified under denaturing conditions. Attempts to isolate an 
active protein under native conditions failed, probably due to the formation of inclusion 
bodies. Expression in the yeast S. cerevisiae resulted in unstable transformants. Expression of 
an active enzyme in the methylotrophic yeast P. pastoris was successful and the heterologous 
Cel1A could be purified and characterised. An exact mass of the heterologous Cel1A could 
not be determined as a result of glycosylation. Four possible N-glycosylation sites were 
present in the deduced amino acid sequence of Cel1A (consensus sequence Asn-X-Ser/Thr) 
and apparently recognized by P. pastoris. MALDI-TOF MS analysis of a tryptic digest of the 
purified protein confirmed that the cel1A gene encoded this protein. 
 The heterologous Cel1A hydrolyses β-1,4-glucosidic and β-1-4-fucosidic compounds, but 
is unable to convert α-1-4-glucosidic compounds, other oligosaccharides and polysaccharides 
(Table 2). A high activity was found towards p-nitrophenyl-β-fucoside. β-Glucosidases with 
β-fucosidase activity were observed before (Teunissen et al., 1992; Srisomsap et al., 1996). 
Cellodextrins appeared to be very good substrates, indicating that the Cel1A of 
Piromyces sp. E2 may have an important role in the last steps of cellulose hydrolysis 
preventing accumulation of cellobiose. The transglycosylation activity of Cel1A (Fig. 7) 
appears to be a widespread property among glycosidases, including a number of 
β-glucosidases (Wymer and Toone 2000). In Trichoderma reesei sophorose 
(2-O-β-glucopyranosyl-D-glucose), which was formed by transglycosylation activity, acts as 
a strong inducer of all components of the cellulolytic system (Kubicek, 1987; Gritzali, and 
Brown, Jr., 1979).  A T. reesei mutant strain, in which the β-glucosidase gene was absent, 
showed lower levels of extracellular protein and total endoglucanase activity compared to the 
wild-type strain. Addition of sophorose to the culture restored cellulase production (Fowler 
and Brown Jr., 1992). The relevance of transglycosylation by β-glucosidase of 
Piromyces sp. E2 remains to be elucidated. 
One of the disadvantages for application of (hemi-)cellulolytic enzymes from anaerobic 
fungi is the low growth yield of these organisms. In this paper it is shown that high-level 
expression in an aerobic host (P. pastoris) is feasible. This opens the possibility to exploit the 
potentials of the Cel1A β-glucosidase from Piromyces sp. E2. The high activity on cellobiose 
and cellodextrins together with the low level of product inhibition make Cel1A a good 
candidate to supplement commercial preparations low in β-glucosidase activity. 
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He who remembers everything else, but forgets God really 
remembers nothing. 
M. K. Gandhi 
 
 
 
If you point one finger at somebody be aware that three are 
facing you. 
Harry R. Harhangi 
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Abstract 
 
Anaerobic fungi degrade cellulose very efficiently due to their high cellulolytic activities, 
which are organised in high molecular mass complexes. The enzyme components of these 
complexes contain non-catalytic modules, known as dockerins, that play a key role in 
complex assembly. A genomic and a cDNA library of Piromyces sp. E2 and Piromyces equi 
were screened with the dockerin module and with antisera raised against the 
cellulase-hemicellulase complex, respectively. This resulted in the isolation of clones from 
the genomic and cDNA libraries containing Piromyces inserts of 5.5 kb and 1.5 kb, 
respectively. Both clones contained the complete coding region of a family 6 glycoside 
hydrolase, consisting of a 20 amino acid signal peptide, a 76/81 amino acid stretch comprising 
two fungal non-catalytic docking domains and a 24/16 amino acid linker joined to the 369 
amino acid catalytic domain. The enzyme, defined as Cel6A, encoded by the Piromyces E2 
sequence, was expressed in Escherichia coli and Pichia pastoris. The full-length heterologous 
protein expressed in both systems had a molecular mass of 55 kDa and showed activity 
against Avicel. Affinity-purified cellulosomes of Piromyces sp. E2 were analysed by 
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and sodium 
dodecyl sulphate polyacrylamide gel electrophoresis. A major band was detected with the 
molecular weight of Cel6A. To confirm this, a tryptic fingerprint of the protein was obtained, 
which confirmed its identity as Cel6A. 
Chapter 3  Cel6A, a cellobiohydrolase 
 
 56 
Introduction 
 
 Aerobic and anaerobic microorganisms have developed efficient mechanisms to degrade 
plant cell wall material (Williams et al., 1994). These organisms produce several 
(hemi-)cellulolytic enzymes with a modular structure (Borneman et al., 1989; Shoham et al., 
1999; Xue et al., 1992, Zhou et al., 1994) comprising a secretion signal, a (hemi-)cellulose 
binding domain and a catalytic domain joined by sequences rich in hydroxy amino acids 
(Gilkes et al., 1991; Warren 1996). The most extensively studied aerobic cellulolytic 
organisms are Cellulomonas fimi (Damude et al., 1996), Thermomonospora fusca (Zhang et 
al., 1995; Sakon et al., 1997), and Trichoderma reseei (Nummi et al., 1983). In contrast, 
anaerobic cellulolytic microorganisms like Clostridium sp. and anaerobic fungi produce high 
molecular mass (HMM) complexes with (hemi-)cellulolytic activity (Béguin and Aubert, 
1994; Dijkerman et al., 1997; Doi et al., 1994; Wilson and Wood, 1992). These HMM-
complexes which are called cellulosomes assemble through the interaction of the dockerin 
modules in the catalytic subunits with the cohesin domains of a non-catalytic protein known 
as the scaffoldin (Bayer et al., 1998). The relative proximity of the individual enzymes in a 
complex leads to increased catalytic efficiency. The cellulosomes of anaerobic fungi contain 
enzymes that lack non-catalytic substrate-binding domains, but possess one, two or three 
copies of the non-catalytic fungal dockerin domain (NCDD) that can be present at the N-
terminal or C-terminal end or between catalytic domains (Bayer et al., 1998; Fanutti et al., 
1995; Steenbakkers et al., 2001). 
Our research is focussed on the cellulolytic enzymes of the anaerobic monocentric fungi 
Piromyces sp. E2 and Piromyces equi. Screening of a cDNA library resulted in the isolation 
of the genes cel1A (Harhangi et al. 2002), cel3A (Steenbakkers, personal communication), 
cel5A (Eberhardt et al., 2000), cel9A (Steenbakkers et al. 2002a), cel45A (Eberhardt et al., 
2000) and cel48A (Steenbakkers et al., 2002b) encoding proteins belonging to glycoside 
hydrolase families 1, 3, 5, 9, 45 and 48, respectively. The proteins, except Cel1A, were shown 
to be part of the cellulosome. 
The present paper reports on the screening of a Piromyces sp. E2 gDNA library with a 
probe based on the sequence of a NCDD, and a P. equi cDNA library with antisera raised 
against the cellulosome. These strategies resulted in the isolation of DNA sequences encoding 
a new cellulolytic component of the cellulosome of the anaerobic fungi. The homologous 
genes (cel6A) encoded proteins with a NCDD and a glycoside hydrolase family 6 catalytic 
domain. MALDI-TOF MS analysis and heterologous expression in Escherichia coli and 
Pichia pastoris confirmed the location of the Piromyces sp. E2 protein in the cellulosome and 
its exoglucanase activity. 
 
Materials and Methods 
 
Organism and growth condition 
 
The anaerobic fungus Piromyces sp. E2 (ATCC 76762) was grown anaerobically under an 
N2/CO2 (80%/20%) atmosphere at 39 °C in M2 medium supplemented with various carbon 
sources (Teunissen et al., 1991). Piromyces equi was cultivated under anaerobic conditions at 
37 °C in a medium containing rumen fluid (Eberhardt et al., 2000). 
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Construction and screening of genomic DNA and cDNA libraries 
 
The P. equi cDNA library was constructed as described by Ali et al., (1995). The cDNA 
library was screened for the production of proteins immunoreactive with antibodies raised 
against purified P. equi multiprotein cellulase-hemicellulase complex as described by 
Freelove et al. (2001). 
 To construct the Piromyces sp. E2 gDNA library the fungus was grown for 48 h in M2 
medium with fructose as carbon source and harvested by filtration over nylon gauze (30 µm 
pore size). Biomass was frozen in liquid nitrogen and lyophilised. Genomic DNA (gDNA) 
was isolated according to Brownlee (1994) with additional RNAse treatments. Isolated gDNA 
(160 µg) was partially digested in 1x restriction endonuclease buffer A (Boehringer, 
Mannheim) supplemented with different concentrations of the restriction endonuclease 
Sau3AI (0.004, 0.006, 0.008 and 0.01 U/µl). The digestion mixture was incubated for 1 h at 
37 °C. The progress of digestion was followed by 0.8% agarose (Gibco BRL) gel 
electrophoresis using Bio-Rad equipment. For fractionation, the digested gDNA was loaded 
on 15% sucrose in Tris-HCl-ethylenediaminetetraacetic acid (EDTA), which was frozen and 
thawed twice. The polyallomere tubes that were used for highspeed centrifugation were 
sealed with 1 ml of mineral oil (Sigma). The gradient was formed by spinning the tube in an 
ultracentrifuge (DAMON IEC B-60) at 20°C and 45,000 x g using a SB286 rotor. The 
digested gDNA was fractionated by making a hole in the bottom of the tube and collecting 
fractions of approximately 0.5 ml in 1.5 ml Eppendorf tubes. Fifteen µl of each fraction were 
loaded on a 0.8% agarose gel and electrophoresed. The fractions carrying partially digested 
gDNA with a size from 9-20 kb were pooled, precipitated with ethanol (Sambrook et al., 
1989) and filled in by Klenow polymerase with dATP and dGTP (Gibco BRL) using the 
manufacturers protocol (Stratagene). The filled-in gDNA was extracted with 
phenol : chloroform : isoamylalcohol, 25 : 24 : 1, and precipitated with ethanol. Then, the 
DNA was ligated in partially pre-filled l-FIXII/XhoI arms and packaged with GIGA Pack III 
Gold using the manufacturers protocols (Stratagene). The titre of the library was determined 
by infection of fresh Escherichia coli strain MRA(P2) cells with 10-fold dilutions of the 
library, followed by plating on NZY-agar (Oxoid). Since the library contained less than 1 
genome equivalent DNA it was not amplified but screened directly (4000 PFU screened, 
average insert size 12 kb). For screening, 100 µl of the primary library, 600 µl fresh E. coli 
strain MRA (P2) cells and 700 µl NZY top agar were plated out on NZY-agar plates in 10-
fold. Nylon filters (Amersham) were used to lift the plaques from the plates. The filters were 
subjected to denaturation and neutralisation treatment as described by the manufacturer 
(Amersham). 
A non-catalytic docking domain (NCDD) type 2 probe (Steenbakkers et al., 2001) was 
labelled by PCR with α[32P]-dATP (ICN, Biomedicals) using M13 forward and reverse 
primers with the NCDD-containing clone 388.2 (provided by dr. F.J.M. Voncken) as a 
template. Hybridisation was performed in 6 x SSC (0.9 M NaCl plus 0.09 M trisodium 
citrate), 0.5% w/v sodium dodecyl sulphate (SDS), 5 x Denhardt's (0.1% bovine serum 
albumin (BSA), 0.1% Ficoll, 0.1% polyvinylpyrollidone (PVP)), at 65°C. Filters were washed 
with 2 x SSC and 0.1% (w/v) SDS at 65°C (Southern, 1975). Autoradiography was carried 
out with Kodak Xomat S film. 
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Table 1.  Primers used in this study 
Pri
mer 
For/ 
Rev 
Position Sequences 5'- 3' length 
No.  begin end   
437 For 316 335 (SstI)ATGAGCTCATGAACAACAGTGGTAGTAC 28 
438 Rev 1519 1535 (PstI)ATCTGCAGTTAGAGTGGTGGATAAGC 26 
439 For 52 70 (SstI)TAGAGCTCATGTCTGCTGCTTGTTTCTCTG 30 
451 Rev 1519 1535 (XbaI)AATCTAGAGTGGTGGATTAGC 21 
452 For 3 23 (SfiI)TTGGCCCAGCCGGCCGAAGGCTTCTATTGCTTTAAC 36 
453 For 318 335 (SfiI)TGGGCCCAGCCGGCCCAACAACAGTGGTAGTAC 33 
512 For 49 70 (KpnI)GGTACCATGGCTTCTGCTGCTTGTTTCTCTG 31 
513 For 320 335 GCTACCATGGACAACAGTGGTAGTAC 26 
601 Rev 968 985 CCTTGGAGTAAACCTTAC 18 
602 Rev 470 487 CAGCCTTAGCTCTAAGAG 18 
603 For 928 945 GCTTTCTGGTTAGGATGG 18 
683 For 55 74 (XhoI)CTCGAGAAAAGAGAGGCTGAAGCTGCTTGTTTCTCTGAAAG 41 
684 For 330 349 (XhoI)CTCGAGAAAAGAGAGGCTGAAGCTAGTACTATTAATGTTGGTG 43 
 
For expression in E.coli, the primer combination 539/538 and 537/538 were used to PCR total coding 
region and the catalytic domain, respectively. The primer combination 452 and 451 was used to 
produce full-length constructs for expression in P. pastoris. Restriction sites in the primers used for 
heterologous expressions are shown as bold characters, whereas the particular restriction endonuclease 
is or are indicated between brackets. The other primers were used for sequencing the cDNA and 
genomic clones and the constructs. Position 1 refers to the A in the ATG start codon. 
 
Isolation of DNA from positive phages  
 
Positive plaques were punched out with a Pasteur's pipette and transferred to 500 µl 
sodium magnesium buffer (SM buffer: 5.8 g NaCl, 2.0 g MgSO4.H2O, 50 ml of 1 M 
Tris-HCl, pH 7.5, and 5.0 ml of 2% (w/v) gelatine per litre). After overnight incubation at 4 
°C, 0.5 µl of the phage solutions were plated out with 200 µl fresh MRA (P2) cells and 300 µl 
NZY top agar on NZY-agar plates to get non-overlapping plaques. Nylon filters were lifted 
from these plates and hybridised as described above. Positive clones were isolated as 
described above and amplified (150 µl phage solution, 200 µl MRA (P2) cells, 300 µl NZY 
top agar plated out on NZY plates). The phages were isolated from confluent plates by 
pouring 3 ml SM buffer over the plates followed by overnight incubation at 4°C. The phages 
were collected in Corex tubes and centrifuged at 20,000 x g to get rid of cell debris. 
For λ DNA isolation 3 ml phage lysate, 15 µl DNAse I (1 mg/ml) and 0.6 µl RNAse I 
(20 mg/ml) were incubated for 15 min at room temperature. The phages were collected by 
ultracentrifugation (DAMON IEC B-60, SB405 rotor) for 2.5 h at 100,000 x g and 4 °C. The 
phages were dissolved in 500 µl 6 M guanidinium solution (6 M guanidiniumcloride, 1% 
sarkosyl, 25 mM EDTA and 0.5 M ammonium acetate), followed by addition of 10 µl 
proteinase K (10 mg/ml) and incubation for 2 h at 65 °C. The solution was cooled on ice and 
extracted with phenol mixture (see above). The DNA was precipitated with 2 volumes of 
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ethanol and 0.3 M sodium acetate (final concentration) for 1 h at –20 °C. The DNA was 
collected by spinning down at room temperature at maximum speed in a microcentrifuge 
(Depex). The pellet was washed once with 70% ethanol, air dried, and dissolved in 250 µl TE 
(10 mM Tris-HCl and 1 mM EDTA) buffer, pH 8. The quality of the λ-DNA was checked by 
electrophoresis of 5 µl on a 0.8% agarose gel with 0.5 x TBE (0.05 M Tris, 0.045 M boric 
acid and 0.5 mM EDTA) buffer. 
 
Subcloning and sequencing  
 
A strongly positive λ phage (clone λ 7.5) with a long insert (approximately 18.5 kb) was 
characterised. Digestion with restriction endonuclease SacI (MBI Fermentas) resulted in 4 
fragments varying from 5.5 to 20 kb. The fragments were subcloned in plasmid vector 
pBluescript II KS (+/-) (Stratagene). The vector was dephosphorylated and ligated with the 
fragments, using the manufacturers protocol (MBI Fermentas). After ligation the mixture was 
used to transform E. coli strain XL1-Blue (Stratagene) cells. Plasmid DNA was isolated from 
transformants, using the Flexi Prep kit (Amersham Pharmacia). 
The subcloned product was sequenced with the ABI Prism Model 310 sequencer using the 
dRhodamine terminator cycle DNA sequencing kit (PE Applied Biosystems) either by 
repeated subcloning or with the use of internal primers. Sequencing primers are given in 
Table 1. Sequences were analysed with the GCG sequence analysis package (Devereux et al., 
1984). Phylogenetic analysis was performed with the PHYLIP v3.5c program 
(Felsenstein, 1993). 
 
Southern blotting 
 
To determine the copy number of the Cel6A gene on the genome of Piromyces sp. E2, a 
Southern blot with EcoRI, HindIII, ClaI, and BamHI digested gDNA was hybridised with a 
probe made from the catalytic domain of Cel6A, using the primers 453 and 451 (Table 1) 
with DNA from clone 5.5 as a template and addition of α[32 P]-dATP (ICN, Biomedicals). 
Briefly, digestion mixtures were separated on a 0.7% agarose gel. After electrophoresis 
(20 mA, overnight) bands were transferred to a positively charged nylon membrane 
(Schleicher & Schuell) with 0.4 M NaOH (downward blotting). Hybridisation was performed 
in 0.5 M sodium phosphate buffer, pH 7, 7% (w/v) SDS, 1% (w/v) bovine serum albumin and 
1 mM EDTA, at 60 °C. Filters were washed stringently with 50 mM sodium phosphate buffer, 
pH 7 and 0.5% (w/v) SDS at 60 °C (Southern 1975). Autoradiography was carried out with 
Kodak Xomat S film. 
 
Expression study and characterisation 
 
For expression in E. coli the primer combination 437/438 (Table 1) was used to amplify 
the region encoding the catalytic domain, while the primer set 439/438 was used to amplify 
the complete gene without signal peptide. The primer combination 452/451 (Table 1) was 
used to amplify DNA encoding full-length Cel6A for expression in the methylotrophic yeast 
Pichia pastoris. Transformation and expression of the amplified products and purification of 
the expressed protein were performed as described previously (Harhangi et al., 2002). 
Affinity-purified cellulosomes from Piromyces sp. E2 (Steenbakkers et al., 2001) and the 
heterologous Ni/NTA-purified Cel6A (6 µg of protein/lane) were mixed with 20% (v/v) 
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sample buffer (62.5 mM Tris/HCl, pH 6.8 containing 2.3%  (w/v) SDS, 10% (w/v) glycerol, 
5% (w/v) β-mercaptoethanol and 0.01% (w/v) bromophenol blue) and SDS-PAGE was 
performed in 7.5% polyacrylamide gels in the presence of SDS (0.1% w/v). Molecular weight 
standards were obtained from BioRad laboratories (Richmond, USA). Gels were stained for 
protein with Coomassie Brillant Blue R-250 (Serva, Heidelberg). 
 
Protein and enzyme assay 
 
Protein concentrations were measured with the Bio-Rad protein reagent, using γ-globulin 
as a standard. Cellulolytic activities were assayed in 0.1 M phosphate/citrate buffer, pH 6, at 
39 °C with, Avicel (type PH105, Serva, Heidelberg) or carboxymethylcellulose 
(CMC, Sigma C-8758) as a substrate as described before (Teunissen et al., 1991). Reducing 
sugar release was determined by the dinitrosalicylic acid method (Miller, 1959). Enzyme 
reactions were linear over the time period of the assay. 
 
MALDI-TOF MS analysis 
 
Affinity-purified cellulosomes of Piromyces sp. E2 (Steenbakkers et al., 2001) were 
analysed by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry 
(MALDI-TOF MS, Biflex III, Bruker, FRG). About 50 µg of cellulosome protein in 2 µl 
0.1% TFA was mixed with the same volume of matrix solution (a saturated solution of sinapic 
acid in a 50:50 mixture of acetonitril and 0.1% TFA (v/v). A volume of 1 µl from this mixture 
was spotted on the target plate. The cellulosome protein was also subjected to SDS-PAGE 
(see above). The protein band at about 53 kDa was cut out of the gel and digested with trypsin 
(Harhangi et al., 2002). The lyophilised tryptic digest was spotted on the target plate after 
addition of TFA and matrix solution as described above. Sinapic acid was replaced by 
a-cyano-4-hydroxy-cinnamic acid. Native protein and the tryptic digest were analysed in the 
linear and reflectron mode, respectively. 
 
Fig. 1. Cel6A genomic 
subclone 5.5, domain 
structure, map and 
primer position. The 
upper diagram shows 
the genomic subclone 
5.5 of the Cel6A gene 
with the position of the 
coding region. The 
lower diagram 
represents the domain 
structure of Cel6A gene 
with restriction 
endonuclease positions 
and primer positions. 
The primers were used 
for expression and 
sequencing purposes, 
their sequences and 
nucleotide positions are 
listed in Table 1. 
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Organism                         Prosite motif I                 Prosite motif II 
 
Trichoderma reesei      (199) VVYDLPDRDCAALASNG   (245) RTLLVIEPDSLANLVTN 
Agaricus bisporus      (164) VVYDLPDRDCAALASNG   (214) SVVAVIEPDSLANLVTN 
Cellulomomas fimi       (139) VIYDLPGRDCFALASNG   (188) RIAATIEPDSLPNLTTN 
Orpinomyces sp.        (213) VVYDLPGRDCHALASNG   (260) PVVLIVEPDSLANLVTN 
Piromyces equi          (210) VVYDLPGRDCHALASNG   (257) PVVLVIEPDSLANMVTN 
Piromyces sp. E2        (215) VVYDLPGRDCHALASNG   (262) PVVLVVEPDSLANMVTN 
                                *  * *** * ** *               ***   *  *  
Piromyces rhizinflata   (209) VLYMIPTRDCNANASVG   (251) KIVMILEPDTIGNLVTA 
Orpinomyces sp.(CelA)   (207) VLYMIPTRDCGANASAG   (249) KIVMILEPDTIGNLVTN 
Neocall. patriciarum    (182) IMYMIPTRDCNANASAG   (224) KVVMILEPDTLGNLVTA 
 
Fig. 2. Alignment of the two Prosite motifs specific for glycoside hydrolase family 6 of some typical 
representatives of this family. The last three species of anaerobic fungi are incorporated as 
representatives of the second cluster (see Fig. 7). Numbers in parentheses denote the residue numbers 
of the aspartic acid residues in both motifs. Accession numbers can be found in the legend of Fig. 7. 
 
Results and discussion 
 
Cloning and sequencing of cel6A 
 
Since (hemi-)cellulolytic enzymes with a NCDD are supposed to be part of the 
cellulosome, a NCDD type 2 probe (Steenbakkers et al., 2001) was used to screen a λ FIXII 
gDNA library of Piromyces sp. E2. Hybridisation of filters with in total approximately 4000 
PFU resulted in 25 positive plaques, nine of which gave strong signals. A strongly positive 
λ phage (clone λ 7.5) with a long insert (approximately 18.5 kb) was selected for further 
characterisation. Restriction nuclease analysis with either SstI or SalI resulted in four 
fragments of 5.5, 9, 13 and 20 kb, respectively. The 5.5 and 13 kb fragments were derived 
from the insert, whereas the two other fragments were from the phage vector arms. The 5.5 kb 
fragment reacted positively with the NCDD probe and was transformed into E. coli XL1-Blue 
yielding subclone 5.5. The clone was sequenced and a restriction map is shown in Fig. 1. A 
complete open reading frame (ORF) of 491 amino acids with a predicted Mr of 53,802 and 
homologous to glycoside hydrolase family 6 was identified. The ORF was flanked by a 2.3 kb 
5' sequence and a 1.7 kb 3' sequence. The DNA was designated cel6A(e2) and the encoded 
enzyme Cel6A(e2). The G+C content of cel6A(e2) was 41.1%, whereas the untranslated 
region had a G+C content of 12.2%. 
A P. equi cDNA expression library consisting of 1.8 x 107 clones was screened using 
antibodies raised against purified P. equi multiprotein cellulase-hemicellulase complex. More 
than 300 positive cDNA clones, immunoreactive with the antiserum, were identified. One of 
the clones contained a 1.9 kb insert, which encoded an enzyme from glycoside hydrolase 
family 6. The cDNA was designated cel6A(pe) and the encoded enzyme Cel6A(pe). The 
complete sequence of cel6A was determined in both strands. Analysis of the sequence 
revealed an ORF consisting of 1461 nucleotides coding for a polypeptide of 486 amino acids 
with a predicted Mr of 53,991. The G + C content of the cel6A(pe) ORF was 44%, compared 
to 13% for non-coding regions at the 5’ and 3’ ends, excluding the poly(A) tail. These values 
and those from cel6A(e2) are comparable to the coding and non-coding regions present in 
other Piromyces DNA encoding components of the multienzyme complex (Fanutti et al., 
1995; Fillingham et al., 1999; Eberhardt et al., 2000; Freelove et al., 2001) and it seems to be 
common for anaerobic fungi (Brownlee, 1994). Furthermore, in a Northern blot, a DNA 
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fragment encoding the catalytic module of P. equi Cel6A hybridised to a 1940 nucleotide 
mRNA species (data not shown). This indicates that the cDNA contains a complete ORF and 
represents the full-length mRNA. The nucleotide sequences have been submitted to the 
GenBank under accession numbers AY08239 (cel6A(e2)) and AY124652 (cel6A(pe)). 
Codon utilisation for both Cel6A genes was very similar to that observed for other 
anaerobic fungal genes, with 61% of codons showing a preference for A + T in the third 
nucleotide position. Apart from ATG and TGG, which are the sole codons for methionine and 
tryptophan, respectively, only one codon using G in the third position was present: AAG 
(coding for lysine). This bias was also evident from the absence of 22 codons, a feature that 
has been observed in other fungal genes previously sequenced (Fanutti et al., 1995; 
Fillingham et al., 1999; Eberhardt et al., 2000; Freelove et al., 2001). 
 
     CCAAT-box          TATA-box           Poly(A)signal 
 
Enolase   TGCCCAATAAG(-414)  TAATATAAATAAA (-364) n.d. 
Cel6A    TTCCCAATGGT(-268)  AACTATAAAAGGA (-213) AATAAA 
 *****           ****** 
Eukaryote      CCAAT           TATAAAA         AATAAA 
consensus 
 
Fig. 3. Alignment of putative CCAAT and TATA boxes of anaerobic fungal genes. The A in the ATG 
refers to position number 1 and the position given in brackets represents the first bold nucleotide of the 
box. The enolase gene sequence (accession number X81451) is from the anaerobic fungus 
Neocallimastix frontalis (Fisher et al., 1995) and the Cel6 gene is from Piromyces sp. E2. The typical 
polyadenylation signal was found 82 nt downstream of the stop codon. For comparison the eukaryotic 
promoter and polyadenylation signal consensus sequences are given. 
 
 
 
Fig. 4. Southern blot with genomic DNA from Piromyces sp. 
E2 probed with the coding region of clone 5.5 (primer 
combination 453 and 451) after digestion with EcoRI (lane 1), 
HindIII (lane 2), ClaI (lane 3) and BamHI I (lane 4). 
 
 
 
Fig. 5. SDS-PAGE of heterologous Cel6A proteins, Ni-NTA 
purified from E. coli (left) and P. pastoris (right). Lane 1 
represents the purified heterologous catalytic domain, whereas 
lanes 2 and 3 represent the full-length construct 
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Fig. 6. Maldi-Tof MS and SDS-PAGE analysis of affinity-purified cellulosomes of Piromyces sp. E2. 
The insert shows an enlarged view of the Maldi-spectrum in the region above 150,000 Da. 
 
Gene structure and copy number 
 
The Cel6A(e2) and Cel6A(pe) genes encode proteins with a modular structure, which is 
typical for cellulases that are part of the HMM complex of anaerobic fungi (Li et al., 1997, 
Liu et al., 1997, Steenbakkers et al., 1998, 2001, Chen et al., 1998). At both N-terminal sites a 
signal sequence was identified by the Expert Protein Analysis System (ExPASy, Zürich, 
Switzerland), predicting cleavage after amino acid 20. The signal peptides conformed to a 
typical structure, a basic N-terminus followed by a central hydrophobic region and a more 
polar C-terminal structure (Nielsen et al., 1997). This cleavage results in mature proteins of 
472 and 466 amino acid residues with a calculated molecular mass of 52,060 Da and 52,029 
Da, respectively (isoelectric points 4.9 and 4.8). The first 76 (e2) and 81 (pe) amino acids of 
the protein show the features of anaerobic fungal NCCD’s. Two repeated NCCD sequences, 
coupled by a short linker, were identified in each gene. The two NCDD sequences within one 
species showed 61% (e2) and 86% (pe) identity to each other and all belonged to type 2 
according to the classification of Steenbakkers et al. (2001). The two NCDD modules are 
coupled by a short linker region (16-24 amino acids), rich in proline and hydroxy amino 
acids, to the C-terminal parts of both genes (369 amino acids). This C-terminal module has 
high homology to the catalytic domains of family 6 glycoside hydrolases. Fig. 2 shows an 
alignment of the two motifs specific for this family 6 (Prosite). The aspartic acid residue in 
motif I is supposed to be involved in the catalytic mechanism, while the adjacent cysteine 
(underlined) is involved in a disulfide bridge. The aspartic acid residue in motif II is the 
proton donor. The sequence data showed three possible glycosylation sites (consensus 
Asn-X-Ser/Thr), sequences encoding these sites are at nt positions 815-823 (Asn-Ala-Ser), 
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938-946 (Asn-Glu-Thr) and 1391-1399 (Asn-Tyr-Thr). Analysis of the 5’ and 3’ untranslated 
regions revealed the presence of a CAAT-box and a TATA-box (Fig. 3) at respectively 268 
and 213 nt upstream of the start codon. Furthermore, a putative poly A signal was identified 
82 nt after the stop codon. Information on promoter regions of anaerobic fungi is rather 
sparse. Thus far only the promoter region of the enolase gene from Neocallimastix frontalis 
was analysed in detail (Fisher et al., 1995). Transient expression of a lacZ reporter gene fused 
to a 1 kb fragment upstream of the enolase coding region was found in regenerating 
protoplasts of Saprolegnia monoica. In this fragment putative regulatory boxes could be 
identified (Fig. 3). The positions of the boxes in the 5’ region of cel6A fit nicely into the 
spacing (50 nt) observed in the enolase gene. The putative poly-A signal is the first reported 
in an anaerobic fungus and conforms to the consensus established for eukaryotic genes.  
No introns were identified in the gDNA sequence and their absence was confirmed by 
comparison with a cDNA clone; PCR of gDNA and cDNA showed one band of the same size. 
The coding region of subclone 5.5 was used to generate a probe for Southern blot analysis. 
The results clearly show that cel6A is a multicopy gene (Fig. 4) since numerous hybridisation 
signals in all lanes (gDNA digested with EcoRI, HindIII, ClaI and BamHI) do not coincide 
with the restriction map presented in Fig. 1. Similarly there are multiple copies of cel1A 
(Harhangi et al., 2002) and two non-cellulolytic genes, acetohydroxyacid reductoisomerase 
and pyruvate formate-lyase (Akhmanova et al., 1998; 1999), in the genome of 
Piromyces sp. E2. 
 
Expression studies 
 
The Cel6A(e2) gene was expressed in E. coli under the control of the E. coli phage T5 
promoter. The full-length gene and a construct with the catalytic domain were expressed as 
fusion proteins with a N-terminal His-tag. The molecular mass of the heterologously 
expressed catalytic domain was 50 kDa, whereas the full-length construct had a molecular 
mass of 55 kDa as estimated by SDS-PAGE (Fig. 5). This in good agreement with their 
expected lengths. The heterologous proteins were only active on microcrystalline Avicel. No 
activity was found with p-nitrophenyl-β-D-glucoside, cellobiose, carboxymethylcellulose or 
salicin. Avicelase activities for the full-length protein and the catalytic domain construct were 
5.3 and 1.7 nmol/min.mg protein-1, respectively. Activities were too low to determine kinetic 
parameters. 
Expression was also attempted in P. pastoris under control of the alcohol oxidase 
promoter. The full-length expression construct was fused in frame with the excretion signal 
and contained a myc-epitope and a His-tag at the C-terminus. Eight transformants were 
screened for Avicelase activity. Again activities were significant but very low: 3 
transformants had an activity in the range of 0.11-0.13 nmol/min.mg protein-1, 2 were less 
active (0.03 nmol/min. mg protein-1) and 3 showed no activity (< 0.01 nmol/min.mg 
protein־1). Protein from the most active transformants was concentrated, purified and analysed 
on SDS-PAGE. This resulted in a band at about 55 kDa, in agreement with the expected size 
(Fig. 5). 
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MALDI-TOF MS analysis of native protein 
 
To prove that Cel6A(e2) is part of the cellulosomes of Piromyces sp. E2, affinity-purified 
cellulosomes were analysed by MALDI-TOF MS and SDS-PAGE (Fig. 6). A prominent band 
was present on the gel at about 52 kDa. The more precise MALDI-TOF MS analysis showed 
a major peak at 52,725 Da, which fits very well with the predicted mass on basis of the amino 
acid sequence of Cel6A minus the signal peptide. To confirm that the 52 kDa protein in the 
cellulosome is Cel6A, the band was excised from the SDS-PAGE gel and treated with trypsin. 
 The tryptic digest was analysed by MALDI-TOF MS. The MALDI-spectrum revealed the 
presence of 9 out of the 20 predicted peptides, covering about 20% of the amino acid 
sequence. 
 
 
Fig.7. Phylogenetic tree based on a distance matrix prepared from alignments of glycoside hydrolase 
family 6 sequences from several organisms. Organisms and their accession numbers are: Orpinomyces 
sp. (AAL01212) CelI, Fusarium oxysporium (P46236), Piromyces sp. E2 (AY082395), P. equi 
(AY124652), Orpinomyces sp. (AAL01211) CelH, Humicola insolens (1BVW_A), Acremonium 
cellulolyticus (BAA74458) Micromonospora cellulolyticum (Q53488), Streptomyces sp. (P13933), 
Thermomonospora fusca GUN2 (P26222), Microbispora bispora (P26414), Myxococcus xanthus 
(Q50901), Streptomyces halstedii (P33682), Cellulomonas fimi GUNA (P07984), P. rhizinflata 
(Q9UW11), Neocallimastix patriciarum (Q12646), Orpinomyces sp. (P78720) CelA, P. rhizinflata 
(Q9UW10), Orpinomyces sp. (P78721) CelC, T. fusca (Q60029), C. fimi GUXA (P50401), 
Phanerochaete chrysosporium (Q02321), Agaricus bisporus (P49075), Trichoderma reesei (P07987). 
Bootstrap values indicate the percentages of occurrence of 100 bootstrapped trees. Bar = 10 
substitutions per 100 amino acid residues. The different clusters within this family are indicated. 
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Phylogenetic analysis 
 
The catalytic domains of Cel6A from Piromyces equi and Piromyces sp. E2 were aligned 
with several other family 6 glycoside hydrolases. Family 6 also contains non-processive 
endoglucanases as well as processive cellulases. Amino acid sequence alignment of the 
processive T. reesei Cel6A (CBHII) catalytic domain with other processive cellulases reveals 
several discrete insertions that are absent from all the family 6 endoglucanases. Cel6A from 
Piromyces sp. E2 and P. equi also contains these insertions, most of which correspond to 
regions at the C-terminus of the Cel6A (CBHII) catalytic domain that contribute to extensive 
surface loops. These loops form the “lid” of the active site tunnel, which is thought to restrict 
access of long cellulose polymers, thus imparting processive activity. Since the Cel6A 
proteins contain these characteristic amino acid insertions, it is thus a putative processive 
family 6 cellulase. 
The regions involved in catalytic activity could be clearly identified (see also above). The 
alignment was used to construct a phylogenetic tree (Fig. 7). The two Piromyces sequences 
cluster with two recently described sequences from the polycentric fungus Orpinomyces sp. 
PC-2 (Steenbakkers et al. 2001). The latter were not characterised but shown to be part of the 
cellulosome. Remarkably, all other family 6 glycoside hydrolases from anaerobic fungi, 
including other Piromyces and Orpinomyces species, form a separate and distinct cluster. 
Comparison of the active sites of the two groups also supported the presence of two types 
among the anaerobic fungi (Fig. 2). An explanation for this could be that this family 6 
comprises both exo- and endoglucanases (see above). Two bacterial representatives, 
Cellulomonas fimi and Thermomonospora fusca also have two representatives in this family 
documented to have exo- and endo-activity. The cluster with the new described sequences is 
assumed to be of the exo-type and closely related to exo-type enzymes of aerobic fungi. As 
obvious from structural analyses the family 6 enzymes are believed to act from the 
non-reducing end of the cellulose chain (inverting mechanism). Another major component of 
the cellulosome of Piromyces species (Steenbakkers et al., 2002b), belonging to glycoside 
hydrolase family 48, hydrolyses cellulose from the reducing end. The two cellulases, Cel6A 
and Cel48A, can act synergistically resulting in a more accelerated hydrolysis.  
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The highest wisdom is never to worry about the future. 
M. K. Gandhi. 
 
 
 
 
 
If you take care of others today God will take care of you 
tomorrow 
Harry R. Harhangi
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Abstract 
Anaerobic fungi contain more than one copy of genes encoding (hemi-)cellulases in their 
genome. The arrangement of these genes on the chromosomes was not known. A gDNA 
library of Piromyces sp. E2 was screened with different probes specific for (hemi-)cellulolytic 
enzymes. This screening resulted in three gDNA clones with genes encoding glycoside 
hydrolase enzymes of families 1 (β-glucosidase), 6 (exoglucanase) and 26 (mannanase). Each 
clone contained two or more genes of the same family. Comparison of the gene copies on a 
clone revealed that they were highly homologous and in addition 54-75% of the substitutions 
were synonymous, meaning that they have the same amino acid but different codon. One of 
the mannanase genes contained an intron. PCR with selected primers resulted in a gDNA 
clone with a new representative (cel9B) of glycoside hydrolase family 9 (endoglucanase). 
Comparison with cel9A revealed that cel9B had 67% homology on nucleotide level. 
Furthermore, 3 introns were present. All results of this paper taken together provided 
evidence for duplications of (hemi-)cellulolyitc genes, which resulted in clusters of almost 
identical genes arranged head-to-tail on the genome. In contrast to other eukaryotes, this 
phenomenon appears frequently in anaerobic fungi. 
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Introduction 
 
In comparison to bacteria fungi produce a wide range of (hemi-)cellulolytic enzymes with 
a broad substrate specificity, which makes these organisms very well suited for commercial 
applications (Trinci et al., 1994, Selinger et al., 1996). Especially the anaerobic fungi are very 
efficient in attacking crystalline cellulose, and they produce (hemi-)cellulolytic enzymes with 
a specific activity much higher than that found in aerobic fungi (Teunissen and Op den Camp, 
1993; Gilbert et al., 1992; Wilson and Wood, 1992; Flint, 1994). Among the anaerobic fungi 
Piromyces sp. E2, which was isolated from an Indian elephant, has a very high cellulose 
hydrolysing capacity (Teunissen et al., 1991, Teunissen and Op den Camp, 1993). The 
cellulolytic enzymes of Piromyces sp. E2 comprising endoglucanases (1,4-β-D-glucan 
glucanohydrolase, EC 3.2.1.4), exoglucanases (exocellobiohydrolase, 1,4-β-D-glucan 
cellobiohydrolase, EC 3.2.1.91 or exoglucohydrolase, 1,4-β-D-glucan glucohydrolase, EC 
3.2.1.74) and β-glucosidases (β-D-glucoside glucohydrolase, EC 3.2.1.21) occur both free and 
bound in a high-molecular mass complex (Teunissen et al., 1992, Dijkerman et al., 1997). 
Several cellulolytic genes have been identified in Piromyces sp. E2. Cel1A (Harhangi et al. 
2002a) and cel3A (Steenbakkers et al. in preparation) code for a free and a complex-bound 
β-glucosidase, respectively. Cel6A (Harhangi et al., Chapter 3) and cel48A (Steenbakkers et 
al., submitted DNA Research) code both for complex-bound exoglucanases, and cel9A 
(Steenbakkers et al., 2002) codes for a complex-bound endoglucanase. Southern blotting 
showed that cel1A and cel6A were present in multiple copies. This was also observed for 
mannanase genes (glycoside hydrolase family 26) of Piromyces equi (Ali et al. 1995, 
Millward-Sadler et al. 1996). Not only genes encoding cellulases are present in multiple 
copies in anaerobic fungi, but also house keeping genes like acetohydroxyacid 
reductoisomerase and pyruvate formate-lyase (Akhmanova et al., 1998, 1999). Gene 
duplication events are important sources to create novel gene functions, even though the risk 
of creating pseudogenes is higher (Wagner, 1998). 
Thus far hardly any information on the genomic organisation of the (hemi-)cellulolytic 
enzymes of anaerobic fungi is available. Therefore a gDNA library of Piromyces sp. E2 was 
screened with different probes for (hemi-)cellulolytic enzymes. This screening resulted in 
three gDNA clones with genes encoding multiple enzymes of the same family of glycoside 
hydrolases in a head-to-tail organisation. 
 
Materials and Methods 
 
Organism and growth condition 
 
The anaerobic fungus Piromyces sp. E2 (ATCC 76762) was grown anaerobically under 
N2/CO2 (80%/20%) at 39°C in M2 medium supplemented with various carbon sources 
(Teunissen et al., 1991). 
 
Genomic DNA isolation 
 
The fungus was grown for 48 h in M2 medium with fructose as a carbon source and 
harvested by pouring over a nylon gauze (30 µm pore size). Biomass was frozen in liquid 
nitrogen and freeze dried. Genomic DNA (gDNA) was isolated according to Brownlee (1994) 
with additional RNAse treatments.  
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Construction and screening of genomic mini library 
 
Genomic DNA from the anaerobic fungus Piromyces sp. E2 was isolated and digested with 
the following restriction endonuclease: EcoRI, SpeI, PstI, KpnI, DraI, HindIII, AccI, and 
PvuII. The digested gDNA was separated on a 0.7% (w/v) agarose gel and blotted on a nylon 
membrane (Amersham) (Southern, 1975, Sambrook et al., 1989). A 295 bp DNA probe 
consisting of a type 2 non-catalytic docking domain (NCDD, Steenbakkers et al., 2001) and 
240 nucleotides of a family 6 catalytic domain (GenBank accession number AY091597) was 
prepared as described previously (Harhangi et al., 2002b). Hybridisation was performed in 
6 x SSC (0.9 M NaCl plus 0.09 M trisodium citrate), 0.5% w/v sodium dodecyl sulphate 
(SDS), 5 x Denhardt's (0.1% bovine serum albumin (BSA), 0.1% Ficoll, 
0.1% polyvinylpyrollidone (PVP)), at 65°C. Filters were washed with 2 x SSC and 
0.1% (w/v) SDS at 65°C (Southern, 1975). Autoradiography was carried out with Kodak 
Xomat S film. 
For the construction of the library, plasmid vector pBluescript II KS (+/-) 
(Stratagene, La Jolla, CA, U.S.A.) was digested with EcoRI and dephosphorylated with 
alkaline phosphates (CIAP) (Promega). EcoRI digested gDNA was ligated into the 
pBluescript II KS (+/-) vector and transformed in E.coli XL1-Blue cells (Statagene). 
Transformants were transferred to a Hybound N+ membrane (Amersham) on top of two Luria 
Bertani-AMP plates (Oxoid). After overnight growth at 37°C the filters were treated as 
described by the manufacturer. Probe preparation, hybridisation and washing were performed 
as described above. 
 
Construction and screening of a lambda FIX II genomic library 
 
A lambda FIX II /XhoI partially filled-in vector kit (Stratagene) was used to make a 
genomic library (Harhangi et al., 2002b). Briefly, genomic DNA was partially digested with 
restriction endonuclease Sau3AI and fractionated on a sucrose gradient. DNA lengths from 
9-23 kb were pooled and used for partial fill-in. Vector arms and filled-in gDNA were ligated 
overnight at 4°C and packaged with GIGA Pack III Gold using the manufacturers protocols 
(Stratagene). Unamplified gDNA library was plated out on NZY agar plates (Oxoid) and 
screened as described above.  
 
Copy number 
 
To estimate the copy numbers of the glycoside hydrolase family 1, 6 and, 26 genes 
Southern blot analyses were performed. Genomic DNA of Piromyces sp. E2 was digested 
with the restriction endonucleases AccI, EcoRI, HindIII, ClaI and BamHI. The digested 
gDNA was separated on a 0.7% agarose gel for 16 h at 20 mA, followed by 40 mA for 2 h 
(Sambrook et al., 1989). Bands were transferred to Hybound N+ nylon membrane 
(Amersham) and hybridised with α[32P]-labeled probes specific for family 1 glycoside 
hydrolases (for primers see Fig. 7), family 6 glycoside hydrolase (Fig. 3) and family 26 
glycoside hydrolase (Fig. 5). 
 
Isolation of cel9B 
 
The N-terminus of the 97 kDa protein from the cellulosome of the anaerobic fungus 
Piromyces sp. E2 was sequenced (Steenbakkers et al. 2002). The amino acid sequence was 
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used to design a degenerated primer. The gene belonging to the protein was amplified on 
gDNA by PCR with the degenerated primer constructed on the N-terminal sequence of the 
catalytic domain of the 97 kDa protein and a degenerated primer constructed on NCDDs. The 
PCR product was ligated into pGEMT-easy vector (Invitrogen), cloned in E. coli and 
sequenced.   
 
Sequence analysis 
 
Sequencing was performed on an ABI Prism Model 310 automatic sequencer using the 
dRhodamine terminator cycle sequencing ready reaction DNA sequencing kit (Perkin Elmer 
Applied Biosystems). Some of the sequence analyses were performed at BaseClear 
(Leiden, The Netherlands). The nucleotide sequences included in this manuscript can be 
found in the GenBank/EMBL database under accession numbers: AF500783 to AF500794.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.Southern blot with genomic DNA from the anaerobic fungus Piromyces sp. E2 probed with the 
radioactive labelled clone 388.2 containing a NCDD (accession number AY091597) after digestion 
with several different restriction endonucleases. Lambda DNA digested with the restriction 
endonucleases EcoRI and HindIII was used as a marker. 
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Fig. 2. Schematic representation of gDNA clone 25. The two partial ORF’s encoded by cel6B and 
cel6C align as indicated by the braces and arrows to cel6A from the anaerobic fungus Piromyces sp. 
E2 (Harhangi et al. 2002b). Signal peptide (     ); linker domains (          );  NCDD (     ); catalytic 
domain (     ); straight lines indicate non-coding regions. The primers given at the top of the figure 
were used to synthesize the radioactive labelled probe for Southern blot analysis (Fig. 3). 
 
Results 
 
Isolation and analysis of clones from a gDNA mini library 
 
Southern blot analysis of gDNA from the anaerobic fungus Piromyces sp. E2 hybridised 
with a NCDD probe type 2 (Steenbakkers et al., 2001) revealed that after EcoRI digestion the 
bands hybridising with the NCDD probe clustered between 2 and 10 kb (Fig. 1). Since the 
sizes of these EcoRI fragments are suitable for cloning in a plasmid vector, a genomic mini 
library was constructed in pBluescript vector and transformed into E. coli cells XL1-Blue. 
The EcoRI genomic mini library of Piromyces sp. E2, containing approximately 2000 
transformants, was screened with a NCDD probe. Four different positive clones were isolated 
from the library, named clone 25, 29, 31 and 64, sequenced and characterised.  
Clone 29 was 1677 bp long and was identical to the family 3 glycoside hydrolase gene 
(cel3A) of Piromyces sp. E2 (Steenbakkers et al. 2002) at the 5' end and to a RNA dependent 
DNA polymerase gene at the 3' end. Both genes were incomplete. Starting from the 5’ end 
about 25 amino acid of the catalytic domain could be identified, followed by three repeats of a 
NCDD coupled by short linkers. After the NCDD’s a putative stop codon was found followed 
by an AT-rich 3’UTR sequence. 
Clone 31 was approximately 1.7 kb long and the 5’ part showed high homology (80%) to 
the 3’ part of the feruloyl esterase gene of the anaerobic fungus Orpinomyces sp. strain PC-2 
(Blum et al., 1999). About 80 amino acids of the feruloyl esterase catalytic domain and one 
NCDD could be identified. The 3’ part of clone 31 was non-coding AT-rich sequence 
(85% AT). 
Clone 25 was approximately 4 kb in size (Fig. 2).  Two incomplete genes were found on 
each end with 2.5 kb AT-rich (84%) non-coding region in between. Both coding sequences 
showed high homology to family 6 glycoside hydrolases and therefore the genes are named 
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cel6B and cel6C. The cel6B gene matches the 3’-end of the previously published cel6A 
(Harhangi et al., 2002) while cel6C aligns with the 5’-end of this gene (Fig. 2). The homology 
on nucleotide level of the coding region of cel6B and celC to cel6A, is 83% and 78% 
respectively. Joining of cel6B to cel6C results in a complete family 6 glycoside hydrolase 
coding sequence, which indicates that the EcoRI restriction site present in cel6A is conserved. 
Southern blot analysis with a probe prepared from the 3' catalytic region of clone 25 (see Fig. 
2) revealed that there are 10 copies of family 6 glycoside hydrolase genes present in the 
genome of anaerobic fungus Piromyces sp. E2 (Fig. 3). The coding sequence of the two 
partial cel6 genes did not contain introns. 
Clone 64 was 1714 bp long and sequence analysis showed that two incomplete genes were 
present on each end with a 676 bp AT-rich (92%) non-coding region in between. Both coding 
sequences show high homology to family 26 glycoside hydrolases (mannanase) and are 
therefore named man26A and man26B. The coding part of the man26A gene matches the 
3’-end of the previously published manA of Piromyces equi  (Ali et al. 1995) while man26B 
aligns with the 5’-end of this gene (Fig. 4).  
The homology at the nucleotide level of the coding region of man26A and man26B from 
Piromyces sp. E2 to that of the mannanases (manA, manB and manC) of Piromyces equi, is 
76-84% and 73-79% respectively. In man26B of Piromyces sp. E2 an intron of 94 bp was 
present after the signal peptide. This intron splits the triplet codon for the valine at position 22 
between G and AT. Southern blot analysis (for probe position see Fig. 4) showed that there 
are 3 copies of family 26 glycoside hydrolase genes present in Piromyces sp. E2 (Fig. 5). The 
autoradiogram showed 1 strong and 2 weak signals in several lanes. 
 
Fig. 3.  Southern blot with genomic DNA from the 
anaerobic fungus Piromyces sp. E2 probed with a 
PCR product of cel6B obtained with the primers 
indicated in Fig. 2. Restriction endonucleases used 
are given at the top of the lanes. Lambda DNA 
digested with the restriction endonuclease HindIII 
was used as a marker. 
 
 
Isolation of β-glucosidase clones from a 
Lambda FIX II genomic library 
 
A previous Southern blot analysis (Harhangi et 
al., 2002) showed that the β-glucosidase of 
Piromyces sp. E2 was present in multiple copies. 
Therefore, a Lambda FIX II genomic library of the 
fungus was screened with a β-glucosidase probe. 
This resulted in the isolation of clone λ 1.1 with an 
insert of 12.5 kb. Sequence analyses of the coding 
region and parts of the non-coding region of clone λ 
1.1 revealed the presence of three tandemly 
repeated, head-to-tail clustered, β-glucosidase 
genes belonging to glycoside hydrolase family 1 
(Fig. 5, cel1B, cel1C, cel1D). Overlapping coding 
parts of these genes showed 90 to 95% identical 
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sequences. The incomplete cel1B gene is situated at the 5’-end of the clone and the translated 
sequence aligns with the C-terminal end of the previously published Cel1A (Harhangi et al., 
2002a). At the 3’-end of clone λ 1.1 cel1D is found. This gene is also incomplete and its 
coding part aligns with the N-terminus of Cel1A. In between the two incomplete genes a full-
length gene (cel1C) was located. This gene contained no introns and its translated product 
was 87% homologous to Cel1A. The non-coding regions of clone λ 1.1 were AT-rich (86-
91%). 
Southern blot analysis with a probe prepared from the C-terminus of Cel1C (Fig. 6) 
revealed that there are 6 copies of this family 1 glycoside hydrolase gene in the genome of 
Piromyces sp. E2 (Fig. 7). 
 
Genomic organisation of cel 9 genes. 
 
 Recently, it was shown that a gene (cel9A) encoding a major component of the 
cellulosome of Piromyces sp. E2, a family 9 glycoside hydrolase (Cel9A) contains 4 introns 
(Steenbakkers et al., 2002). When a PCR was performed on gDNA with a N-terminal forward 
primer and the NCDD reverse primer (both based on the sequence of cel9A, Fig. 8) a product 
of 2585 bp was obtained. The product was cloned and sequenced, which showed that it was 
homologous to family 9 glycoside hydrolases. When compared with cel9A the homology on 
nucleotide level was 67% and therefore the gene was designated cel9B. This gene contained 3 
introns with lengths of 182, 327 and 91 bp, respectively. The start of the second intron in both 
cel9A and cel9B is at the same position. The 5’- and 3’-splicing sites were aligned and 
compared to the consensus proposed previously (Fig. 9) (Steenbakkers et al., 2002). 
 
 
 
Fig. 4. Schematic representation of gDNA clone 64. The two partial ORF’s encoded by man26A and 
man26B align as indicated by the braces and arrows to manA of the anaerobic fungus Piromyces equi 
(Ali et al. 1995). For domain legend see Fig. 2. The primers given at the top of the figure were used to 
synthesize the radioactive labelled probe for Southern blot analysis (Fig. 5). * indicates the intron at 
the 5’ـend of man26B.  
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Fig. 5.  Southern blot with genomic DNA from the 
anaerobic fungus Piromyces sp. E2 probed with a PCR 
product from man26B obtained with the primers indicated 
in Fig. 4. Restriction endonucleases used are given at the 
top of the lanes. Arrows show the position of relatively 
weak signals.  Marker identical to Fig. 3. 
 
 
Promoter analyses 
 
The availablitity of gDNA sequences, especially in 
the λ clones described above, make it possible to 
compare several promoter, 5’, and 3’ untranslated 
regions (Fig. 10). This analysis revealed the presence 
of CAAT-boxes and TATA-boxes in the 5’-regions of 
cel1C, cel1D, cel6C, and man26B. Furthermore, 
putative poly A signals were identified in the 
3’-regions of cel1B, cel1C and man26A. 
 
 
 
 
 
 
Fig. 6. Schematic representation of gDNA clone λ 1.1. The two partial ORF’s encoded by cel1B and 
cel1D and the complete ORF encoded by cel1C align as indicated by the braces and arrows to cel1A of 
the anaerobic fungus Piromyces sp. E2 (Harhangi et al., 2002a). Signal peptide (    ); negatively 
charged domain (     ); catalytic domain (    ); straight lines indicate non-coding regions. The primers 
given at the top of the figure were used to synthesize the radioactive labelled probe for Southern blot 
analysis (Fig. 7). 
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Fig. 7.  Southern blot with genomic DNA from the 
anaerobic fungus Piromyces sp. E2 probed with a 
PCR product from cel1A obtained with the primers 
indicated in Fig. 6. Restriction endonucleases used 
are given at the top of the lanes. Marker identical to 
Fig. 3. 
 
 
Discussion 
 
Thus far almost all information on the (hemi-) 
cellulolytic genes of anaerobic fungi is obtained 
from studies on cDNA clones. The information 
from gDNA sequences is very limited. Several 
authors have indicated that multiple copies exist 
for these genes (Millward-Sadler et al., 1996; Ali 
et al 1995; Fanutti et al., 1995; Li et al., 1997; 
Chen et al., 1998. Harhangi et al., 2002a, 2002b). 
The purpose of this study was to investigate the 
chromosomal organisation of (hemi-)cellulolytic 
genes. 
The coding regions of the two partial and the 
complete β-glucosidase genes (family 1 
glycoside hydrolases, Fig. 5) are highly 
homologous to each other (90-95%) suggesting 
that they are paralogs. The ce1B, cel1C and 
cel1D genes are only 84% homologous to cel1A 
(Harhangi et al., 2002a) indicating the existence 
of two types of family 1 β-glucosidase genes. 
Southern blot hybridisation showing strong and weak signals supports this finding. From a 
cDNA library a clone was isolated (98% identical to cel1C, data not shown), indicating that 
the second type of family 1 genes is also expressed. Southern blot analysis revealed that there 
are 10 copies of the family 1 genes. 
The presence of multiple copies of the family 6 glycoside hydrolase (cel6) genes was deduced 
from Southern blot analysis. Also in this case it was shown that at least two copies (cel6B and 
cel6C, Fig. 2) are arranged head-to-tail. The coding regions of the cel6B and cel6C genes are 
83% and 78%, respectively, homologous to cel6A (Harhangi et al., 2002b) which points to the 
existence of two types of family 6 glycoside hydrolase similar to the Cel1 enzymes. Again 
Southern blot analysis supported this view. 
Previously, three highly homologous mannanase genes (family 26 glycoside hydrolase) 
were described in Piromyces equi (Millward-Sadler et al., 1996). Since enzymes from this 
family are of bacterial origin it was suggested that lateral gene transfer from a prokaryote took 
place, followed by gene duplication. However, the genomic organisation was not studied, 
since only cDNA clones were analysed. In the present study it was shown that the two 
Piromyces sp. E2 mannases, which are highly homologous to the P. equi genes, were 
clustered on a genomic fragment. Moreover, the man26B gene was shown to contain an 
intron. Recently, it was shown that the cel9A gene of Piromyces sp. E2 has 4 introns in its N-
terminal part (Steenbakkers et al., 2002). Another family 9 glycoside hydrolase (cel9B) of this 
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fungus was described in the present article and shown to contain 3 introns. The intron length 
in cel9A varies between 90 and 127 nt whereas in cel9B the length of the introns comprises a 
broader range (91-327 nt). The start position of intron 2 however, appeared to be conserved, 
which implies that the genes have a common ancestor. This means that introns were inserted 
in an allele of a homologous gene (Rosewich and Kistler, 2000). The intron borders and the 
internal palindrome sequence (Fig. 9) did not completely follow the consensus sequence 
(Steenbakkers et al., 2001). For intron 2 of cel9B a perfect palindrome sequence, considered 
to be involved in lariat formation during splicing, was found between the two intron borders, 
whereas the introns 1 and 3 had a mismatch in the positions 5 and 1, respectively. Whether 
the family 9 glycoside hydrolases are clustered on the genome remains to be elucidated. The 
low homology (67%) between the two family 9 glycoside hydrolase genes may indicate that 
they represent different types. 
 
 
 
Fig. 8. Map comparing the domain organisation in cel9B with that of the previously published cel9A  
of the anaerobic fungus Piromyces sp. E2 (Steenbakkers et al., 2002). Signal peptide (     ); catalytic 
domain (     ); intron (*); unknown domain (     ); linker regions (         ); NCDD (     ); straight lines 
indicate non-coding regions. The regions of the primers used to amplify cel9B are indicated by arrows. 
 
 
Information on promoter regions of anaerobic fungi is rather sparse. Promoters of 
anaerobic fungi are proposed to be strong, since they generate transcripts that possess a biased 
codon usage and are highly expressed (Akhmanova et al., 1998, 1999, Harhangi et al., 2002). 
Approximately 15 codons are absent in the genes investigated so far from the anaerobic 
fungus Piromyces sp. E2. Not using a part of the codons is a typical feature of highly 
expressed genes (Garcia-Vallvé et al., 2000). The promoter region of the enolase gene from 
Neocallimastix frontalis was investigated by expression analysis in Saprolegnia monoica 
(Fisher et al., 1995). Transient expression of a lacZ reporter gene was found when this gene 
was fused to a 1 kb fragment upstream of the enolase coding region. In this fragment putative 
regulatory boxes could be identified (Fig. 10). The positions of the boxes in the 5’ region of 
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sequenced in this study fit correctly into the spacing (50 nt) observed in the enolase gene. The 
putative poly-A signals of the genes are identical to the signal reported for cel6A (Harhangi et 
al., 2002) and confirm the consensus established for eukaryotic genes. 
 
 
Intron I(Cel9A)  5'-GTAAGTATTT-  68 nt  -TATTAATA-  31 nt  -AAAATAATAG-3' 
Intron II(Cel9A)  5'-GTAAGTATAA-  48 nt  -TATTAATT-  17 nt  -ATAAAAATAG-3' 
Intron III(Cel9A) 5'-GTAAATATAT-  46 nt  -TATTAACA-  16 nt  -AAAAATATAG-3' 
Intron IV(Cel9A)  5'-GTAAGTATAA-  49 nt  -TGTTAATA-  36 nt  -TATAAAATAG-3' 
Intron I(Cel9B)  5'-GTATTTATTT-  49 nt  -TATTCATA- 105 nt  -TAATAAATAG-3' 
Intron II(Cel9B)  5'-GTAAGTATTT-  59 nt  -TATTAATA- 242 nt  -TAAATAATAG-3' 
Intron III(Cel9B) 5'-GTAAGTATTT-  39 nt  -AATTAATA-  24 nt  -TTAAAAATAG-3' 
Intron (Man26B)  5'-GTAACTAATA-  57 nt  -AATTAATC-   9 nt  -TTTGCATTAG-3' 
enol N.frontalis  5'-GTAAGTGATT- 272 nt  -TATTAATA-  32 nt  -ATTTAAATAG-3' 
Consensus     5'-GTAAGTAT·············TATTAATA··············AAAATAG-3' 
 
Fig. 9. Alignment of intron borders and internal consensus for the intron sequences described 
in this article and the intron in the enolase of Neocallimastix frontalis (Fisher et al., 1995). 
Conserved sequences are in bold letters. 
 
 
Gene    CCAAT-box         TATA-box               Poly(A)signal 
 
Enolase  TGCCCAATAAG(-418) TAATATAAATAAA(-368)     ND    
        ND         ND       AATAAA(37) 
Cel1C   TTTCCAATTGA(-320) ACATATAAAAAGG(-258)   AATAAA(176) 
Cel1D   ACCCCAATAAA(-333) GAATATAAATAGT(-262)    ND 
Cel6A   TTCCCAATGGT(-271) AACTATAAAAGGA(-215)   AATAAA(85) 
Cel6B      ND         ND       AATAAA(23) 
Cel6C (1)    ?      TAATATAAAAGAA(-223)     ND 
Cel6C (2) TAACCAATTAT(-486) CTTTATAAAAATA(-397)    ND 
Man26A     ND         ND         AATAAA(81) 
Man26B  ATACCAAAAAT(-221) AAATATAAAATAT(-132)     ND 
***** ****** 
Eukaryote   CCAAT      TATAAAA       AATAAA 
 
Fig. 10. Promoter and polyA signal regions of genes from anaerobic fungi. The putative CCAAT and 
TATA boxes and the polyA signal of anaerobic fungal genes are aligned with their relative position 
(in brackets) upstream from the start codon or downstream from the stop codon. The space between 
the two boxes varies between 43 and 83 nt. The A in the ATG and the T of the stop codon refers to 
position number 1 and the position given in brackets is the first nucleotide of the alignment. The 
enolase gene sequence (accession number X81451) is from the anaerobic fungus Neocallimastix 
frontalis (Fisher et al. 1995) and the cel6A gene is from Piromyces sp. E2 (Harhangi et al. 2002b). The 
typical eukaryotic promoter consensus sequence boxes and polyadedenylation signal are listed under 
the alignment. ND, not determined; ?, could not be identified. 
 
 
In literature it is hypothesised that (hemi)-cellulolytic genes from anaerobic fungi were 
acquired by horizontal gene transfer from bacteria (Gilbert et al., 1992; Flint, 1994; 
Garcia-Vallvé et al., 2000). This idea is based on phylogenetic analysis which shows that 
genes from the anaerobic fungi encoding (hemi-)cellulases do not cluster with aerobic fungi, 
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but rather with enzymes from bacterial origin. Furthermore, most of these genes do not 
contain introns while those from aerobic fungi do. The clustered genes from a family are 
highly conserved, which suggests that these genes are duplicated after horizontal transfer. The 
differences between highly identical genes are mainly present in the wobble base positions 
and comparison of these genes reveals that the percentage synonymous substitutions were 
between 54 and 75%. The presence of introns in man26B and the two copies of cel9 points to 
insertion of introns after duplication. All genes are believed to be functional since no internal 
stop codons were found in the coding regions. In conclusion, the results obtained show that 
several (hemi-)cellulolytic genes of Piromyces sp. E2  (e.g. cel1, cel6 and cel26) are indeed 
present in multiple copies and clustered on the genome in a head-to-tail organisation. 
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To make an allegation is one thing, to prove it is quite another. 
M. K. Gandhi 
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The Greatness of a person lies in his heart, not in his head, that 
is intellect. 
M. K. Gandhi. 
 
 
 
Sharing your money with others in need really makes you 
happy. 
Harry R. Harhangi. 
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Abstract 
 
The anaerobic fungus Piromyces sp. E2 metabolises xylose via xylose isomerase and 
Dـxylulokinase as was shown by enzymatic and molecular analysis. This resembles the 
situation in bacteria. The clones encoding the two enzymes were obtained from a cDNA 
library. The xylose isomerase gene sequence is the first gene of this type reported for a 
fungus. Northern blot analysis revealed a correlation between mRNA and enzyme activity 
levels on different growth substrates. Furthermore, the molecular weight calculated from the 
gene sequence was confirmed by gel permeation chromatography of crude extracts followed 
by activity measurements. Deduced amino acid sequences of both genes were used for 
phylogenetic analysis. The xylose isomerases can be divided into two dinstinct clusters.  The 
Piromyces sp. E2 enzyme falls into the cluster comprising bacteria with a low G+C content in 
their DNA and barley. The xylulokinase of Piromyces sp. E2 clusters with the bacterial 
xylulokinases. The xylose isomerase gene was successfully expressed in the yeast 
Saccharomyces cerevisiae, resulting in an activity of 25 ± 13 nmol/min/mg protein. The 
transformed yeast was capable of growing on a mixture of galactose and xylose, medium that 
does not support growth of the wild type yeast. The two genes identified have a high potential 
for metabolic engineering of Saccharomyces cerevisiae to make the conversion of 
hemicellulosic material to ethanol possible. 
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Introduction 
 
 Anaerobic fungi have been isolated from ruminants as well as from non-ruminant 
herbivores, but so far have not been isolated from other habitats (Trinci et al., 1994). These 
organisms have been shown to produce and secrete a broad range of polysaccharide degrading 
(e.g. cellulolytic and hemicellulolytic) enzymes during growth on a variety of soluble and 
insoluble carbohydrates, which enable them to degrade the major structural compounds in 
plant cell walls (Teunissen et al., 1993, Williams et al., 1987). During cellulose hydrolysis 
glucose is formed, while hemicellulose hydrolysis yields pentoses (e.g. xylose and arabinose). 
The main end products of fermentation are formate, acetate, lactate, succinate, ethanol, carbon 
dioxide and hydrogen (Borneman et al., 1989, Lowe et al., 1987, Marvin-Sikkema et al., 
1990, Teunissen et al., 1991). The pathway of glucose metabolism has been well studied in 
anaerobic fungi (Marvin- Sikkema et al., 1993, Yarlett et al., 1986), but the route of xylose 
metabolism is unknown. In most aerobic and anaerobic bacteria xylose is converted to 
xylulose by xylose isomerase (EC 5.3.1.5); xylulose is phosphorylated by D-xylulokinase 
(EC 2.7.1.17) to xylulose-5-phosphate, which is a key intermediate in pentose metabolism 
(Fraenkel, 1987). In the majority of yeasts and fungi xylose is converted via xylose reductase 
and xylitol dehydrogenase to xylulose, which subsequently is phosphorylated (Jeffries et al., 
1983). However, there are several examples of fungi, which metabolise xylose via xylose 
isomerase and xylulose kinase (Banerjee et al., 1994, Rawat et al., 1996). So far evidence for 
this route in fungi was obtained from biochemical data, but no gene sequences were 
published. In this study we show by enzymatic and molecular analyses that the anaerobic 
fungus Piromyces sp. E2 metabolises xylose via xylose isomerase and D-xylulokinase. 
 
Materials and Methods 
 
Organism and growth conditions  
 
The anaerobic fungus Piromyces sp. E2 (ATCC 76762), isolated from faeces of an Indian 
elephant, was grown anaerobically under N2/CO2 (80%/20%) at 39°C in medium M2 
supplemented with various carbon sources (Teunissen et al., 1991). Carbon sources used were 
Avicel (microcrystalline cellulose type PH 105, Serva, Germany), fructose or xylose 
(all 0.5%, w/v). After growth ceased, as judged by hydrogen production, the cells were 
harvested by centrifugation (15,000 x g, 4°C, 15 min;) or by filtration over nylon gauze 
(30 µm pore size). 
 
Preparation of cell-free extract 
 
The fungal cells were washed with deionised water to remove medium components. 
Cell-free extracts were prepared by freezing the cells in liquid nitrogen and subsequent 
grinding with glass beads (0.10-0.11 mm diameter) in a mortar. Tris/HCl buffer 
(100 mM, pH 7.0) was added to the powder (1:1, w/v) and after thawing for 15 min the 
suspension was centrifuged (18,000 x g, 4°C, 15 min). The clear supernatant was used as a 
source of intracellular enzymes. 
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Enzyme assays 
 
Xylose isomerase activity was assayed at 37°C in a reaction mixture containing 50 mM 
phosphate buffer (pH 7.0), 10 mM xylose, 10 mM MgCl2 and a suitable amount of cell-free 
extract. The amount of xylulose formed was determined by the cysteine-carbazole method 
(Dische and Borenfreud, 1951). Xylulose kinase and xylose reductase activities were assayed 
as described by Witteveen et al. (1989). One unit of activity is defined as the amount of 
enzyme producing 1 µmol of product per min under the assay conditions. Specific activity is 
expressed as units per mg protein. Protein was determined with the Bio-Rad protein reagent 
(Bio-Rad Laboratories, Richmond, CA, USA) with bovine γ-globulin as a standard. 
 
RNA and DNA isolation  
 
Genomic DNA was isolated as described by Brownlee (1994). RNA was extracted by the 
guanidine/HCl method (Chrigwin et al., 1979). For the preparation of poly(A)+ RNA, an 
mRNA purification kit (Pharmacia) was used following the manufacturer’s protocol. 
 
Random sequencing of a Piromyces sp. E2 cDNA library 
 
The cDNA library constructed in the vector lambda ZAPII as described previously 
(Akhmanova et al., 1998) was used. An aliquot of this library was converted to pBluescript 
SK-clones by mass excision with the ExAssist helper phage (Stratagene). Randomly selected 
clones were sequenced with the M13 reverse primer to obtain 5' part sequences. Incomplete 
cDNA’s were used to synthesize probes, which were used to rescreen the library. To obtain 
full-length sequences subclones were generated in pUC18. Sequencing analyses were 
performed with the ABI prism 310 automated sequencer with the dRhodamine terminator 
cycle sequencing ready reaction DNA sequencing kit (Perkin-Elmer Applied Biosystems). 
 
Southern and Northern blotting  
 
Genomic DNA of Piromyces sp. E2 was digested with BamHI, ClaI, EcoRI, KpnI and 
XbaI and separated on a 0.7% agarose gel (10 µg of DNA per lane). Total RNA (15 µg/lane) 
was separated on 1.2% agarose-formaldehyde gels. Gels were blotted to Hybond N+ 
membranes (Amersham). The cDNA clones pH97 and pAK44 (see below) were used as 
probes and were labelled by polymerase chain reaction (PCR) with α[32P]-dATP. 
Hybridisation and washing procedures were done as described before 
(Akhmanova et al., 1998). For comparison with enzyme data, Northern blots were also 
analysed with the Bio-Rad Gel Doc 1000 system using the Multi-Analyst© software 
(Bio-Rad Laboratories, Hercules, USA). 
 
Sequence analysis 
 
The sequences obtained were compared to sequences in the Genbank and EMBL databases 
using the BLAST algorithm (The Dutch Center for Molecular and Biomolecular Informatics, 
Nijmegen). A selection of sequences with the highest similarity was made and used to create 
an alignment with the PILEUP programme of the GCG package (Devereux et al., 1984). The 
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alignment was checked manually.  Phylogenetic analysis was done using the PHYLIP 3.5c 
package (Felsenstein, 1989).  
 
Nucleotide sequence accession numbers 
 
The sequence data of xylA and xylB have been deposited in the DDBJ/EMBL/GenBank 
databases under accession numbers AJ249909 and AJ249910, respectively.  
 
Expression study and characterisation 
 
For expression of the Piromyces sp. E2 isomerase gene in the yeast Saccharomyces 
cerevisiae strain BJ1991 (genotype: matα, leu2, trp1, ura 3-251, prb1-1122, pep4-3) the 
xylose isomerase gene of Piromyces sp. E2 was amplified by PCR using the primer 
combination 577 (5’-GTGGCCCAGCCGGCCAAAATGGCTAAGGAATATTTC-3’) and 
578 (5’-AATCTAGATATTGGTACATGGCAACAATAG-3’). The PCR product was cloned 
into the pYes expression vector (InVitrogen). Transformation was performed as described 
before (Harhangi et al., 2002). Expression was carried out under control of the GAL1 
promoter as described in the manufacturers protocol. After growth on minimal medium with 
glucose as a carbon source and leucine and tryptophan (SC media) for 3 days the cells were 
harvested and resuspended in a galactose-containing minimal media for induction (8 h at 30 
°C). The cells were harvested and cell free extract was prepared using a French press. Xylose 
isomerase activity was measured as described above. 
 
Growth experiment 
 
S. cerevisiae strain BJ1991 and three selected transformants (16.2.1; 16.2.2 and 14.3), 
which showed xylose isomerase activity was grown on SC-agar plates with 100 mM glucose 
as a carbon source. Single colonies were used to inoculate liquid SC-medium with 100 mM 
xylose and 25 mM galactose as carbon sources. Growth was monitored by measuring the 
increase in optical density at 600 nm on a LKB Ultrospec K spectrophotometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Restriction maps of clones pR3 (xylose isomerase) and pAK44 (xylulokinase). The location 
and transcriptional direction of the genes are indicated by the arrow 
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Results 
 
Isolation of cDNAs encoding enzymes involved in xylose metabolism 
 
To identify highly expressed genes from the anaerobic fungus Piromyces sp. E2, a cDNA 
library was constructed. Randomly selected clones were sequenced and this resulted in two 
clones (pH97 and pAK44), which sequences showed high homology to xylose isomerase and 
D-xylulokinase genes, respectively. The clones were analysed in detail. 
Clone pH97 did not contain a complete ORF and therefore the cDNA bank was rescreened 
with a probe designed on the basis of sequence data from clone pH97. This resulted in a clone 
(pR3, Fig. 1) with an insert of 1669 bp. An ORF encoding a protein of 437 amino acids with 
high similarity to xylose isomerases could be identified. Although the 5' untranslated region 
comprises only 4 bp, the presumed starting methionine residue fitted well into an alignment of 
known xylose isomerase sequences. The 3' untranslated region was 351 bp long and had a 
high AT content, which is typical for anaerobic fungi. The ORF contained the amino acids 
shown to be important for interaction with the substrate (catalytic important amino acids: His 
102, Asp 105, Asp 340 and Lys 235) and binding of magnesium (Glu 232) (Henrick et al., 
1989, Vangrysperre et al., 1989). Furthermore, the two signature patterns (amino acid 
residues 185-194 and 230-237) developed for xylose isomerases (Fig. 2) (Meaden et al., 
1994) were present. The Piromyces sp. E2 xylose isomerase (XylA) shows the highest 
homology to the enzymes of Haemophilus influenza (52% identity, 68% similarity) and 
Hordeum vulgare (barley, 49% identity, 67% similarity). The polypeptide deduced from the 
cDNA sequence corresponds to a molecular mass of 49,395 Da and has a calculated pI of 5.2. 
 The second clone, pAK44, had an insert of 2041 bp (Fig. 1) and contained a complete ORF 
encoding a protein of 494 amino acids with a molecular weight of 53,158 Da and a pI of 5.0. 
The first methionine is preceded by 111 bp 5' untranslated region, while the 3' untranslated 
region comprised 445 bp. Both regions are AT-rich. BLAST and FASTA searches revealed 
high similarity to xylulokinases. The two phosphate consensus regions defined by Rodriguez-
Peña et al. (Rodriguez-Peña et al., 1998) were found at amino acid positions 6-23 and 
254-270 as shown in a partial alignment (Fig. 3). Moreover, the signatures for this family of 
carbohydrate kinase as described in the Prosite database were identified (131-145 and 
351-372). The Piromyces sp. E2 xylulokinase (XylB) showed highest homology with the 
XylB protein of Haemophilus influenza (46% identity, 64% similarity). 
 
Gene copy number  
 
The two clones (pH97 and pAK44) were used to prepare probes for Southern blot analysis. 
The results are shown in Fig. 4. The occurrence of several bands in the lanes with KpnI 
digested gDNA is caused by the presence of internal restriction sites (Fig. 1). The results 
obtained with KpnI, BamHI and XbaI digestion indicate that only one gene copy exists for 
both xylA and xylB. However, the results of the ClaI and EcoRI digested gDNA point to two 
genes for xylA and xylB most likely as a result of different restriction patterns of different 
alleles. 
 
Expression of xylA and xylB 
 
Northern blot analysis revealed the presence of single transcripts for both xylose isomerase 
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and xylulokinase of about 1700 nt and 2300 nt, respectively (Fig. 5). The lengths of the 
transcripts were in good agreement with the lengths of the corresponding cDNAs. A probe 
against acetohydroxyacid reductoisomerase (Akhmanova et al., 1998) was used as a loading 
control (mRNA about 1500 nt). Expression of this gene does not respond to changes in the 
carbon source. High expression of the xylA and xylB gene was observed on both fructose and 
xylose as a carbon source. The xylA gene was moderately expressed on microcrystalline 
cellulose (Avicel) while mRNA of xylB was hardly visible. 
 
Organisms       Signature sequence 1         Signature sequence 2 
 
S.albus       AETYVAWGGREGAESGGAK----IEPKPNEPRGDILLPT-192 
S.rubiginosus     AETYVAWGGREGAESGGAK----IEPKPNEPRGDILLPT-192 
S. missouriensis    AKTYVAWGGREGASSGGAK----IEPKPNEPRGDILLPT-193 
S.violaceoniger    AKTYVAWGGREGAESGGAK----IEPKPNEPRGDILLPT-192 
S.olivochromogenes   AKTYVAWGGREGAESGAAK----IEPKPNEPRGDILLPT-192 
S.diastaticus     AQTYVAWGGREGAESGAAK----IEPKPNEPRGDILLPT-193 
S.rochei       AKTYVAWGGREGAESGGAK----IEPKPNEPRGDILLPT-191 
A.missouriensis    AKTLVLWGGREGAEYDSAK----IEPKPNEPRGDILLPT-192 
Ampulariela sp.    AKTLVLWGGREGAEYDSAK----IEPKPNEPRGDILLPT-193 
Arthrobacter sp.    AETTVMWGGREGSEYDGSK----LEPKPNEPRGDIFLPT-192 
Th.Aquaticus     AEIYVVWPGREGAEVEATG----LEPKPNEPRGDIYFAT-192 
E.coli        GENYVLWGGREGYETLLNT----IEPKPQEPTKHQYDYD-244 
K.aerogenes      GENYVLWGGREGYETLLNT----IEPKPQEPTKHQYDYD-244 
H.influenza      GENYVLWGGREGYETLLNT----IEPKPQEPTKHQYDYD-244 
L.bruckii       SENYVFWGGREGYESLWNT----LEPKPKEPTTHQYDFD-246 
L.pentosus      AENYVFWGGREGYESLWNT----LEPKPKEPSTHQYDFD-246 
T.saccharolyticum   RENYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-244 
T.thermophilum    GENYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-244 
C.thermosaccharol.   GQNYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-244 
T.ethanolicus     GQNYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-243 
Bacillus sp      AENYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-242 
B.stearothermophil.  AENYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-242 
B.subtilis      AENYVFWGGREGYETLLNT----IEPKPKEPTTHQYDTD-250 
Ther.neapolitana    GEGYVFWGGREGYETLLNT----IEPKPKEPTKHQYDFD-244 
St.xylosus      SENFVFWGGREGYESLLNT----IEPKPKEPTTHQYDTD-241 
Tetra.halophilus    GENYVFWGGREGYENLLNT----IEPKPKEPTKHQYDYD-242 
H.vulgare       GENYVFWGGREGYQTLLNT----IEPKPQEPTKHQYDWD-287 
Piromices sp. E2    AENYVFWGGREGYMSLLNT----IEPKPMEPTKHQYDVD-244 
 
 
Consensus        VxW[GP]GREG[YSTA]E [LIVM]EPKPx[EQ]P 
 
Fig. 2. Multiple alignment of a part of several xylose isomerase amino acid sequences including the 
Prosite signature sequences. Organisms and their accession numbers are: Streptomyces albus 
(P24299), S. rubiginosus (P24300), S. missouriensis (P37031), S. violaceoniger (P09033), 
S. olivochromogenes (P15887), S. diastaticus (P50910), S. rochei (P22857), Actinoplanus 
missouriensis (P12851), Ampulariela sp. (P10654), Arthrobacter sp. (P12070), Thermus aquaticus 
(P26997), Escherichia coli (P00944), Klebsiella aerogenes (P29442), Haemophilus influenza 
(P44398), Lactobacillus bruckii (P29443), L. pentosus (P21938), Thermoanaerobacter 
saccharolyticum (P30405), T. thermophilum (P19148), T. ethanolicus (P22842), Clostridium 
thermosaccharolyticum (P29441), Bacillus sp. (P54272), B. stearothermophilus (P54273), B. subtilus 
(P04788), Thermotoga neapolitana (P45687), Staphylococcus xylosus (P27157), Tetragenococcus 
halophilus (d1032832), Hordeum vulgare (S65466). Identical amino acids are in bold letters and to 
show that there are two different types of Xylanase the identical amino acids of the second type are 
underlined. The amino acids belonging to the consensus sequences are boxed. 
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Organisms                     Phosphate Motif I               Phosphate Motif II 
 
C.elegans    -LGIDLSTQQIKAVIIDQN—23   –TDIGISLGTSDTVFFFT-303 
H.sapiens    -LGWDFSTQQVKVVAVDAE—28   –GDIAVSLGTSDTLFLWL-312 
S.cerevisiae   -LGFDLSTQQLKCLAINQD—41   –NDVLVSLGTSTTVLLVT-328 
H.influenza   -LGIDCGGTFIKAAIFDQN—22   –QHLNVVLGTWSVVSGVT-272 
E.coli2     -LGLDCGGSWLKAGLYDRE—23   –FTLNAVMGTWAVTSGIT-273 
L.pentosus    -LGIDLGTSAVKVSAIDKQ—23   –DKALVSIGTSGVVLKYE-270 
L.brevis     -LGVDLGTSAVKVSALDHS—23   –NMVLSSIGTSGVVLKYE-270 
B.subtilis    -IGIDLGTSAVKTILVNQN—22   –GKTLCSIGTSGVILSYE-269 
La.lactis    -LGIDLGTSSLKGILMDEV—22   –EVGLISMGTSGVVSAYE-268 
St.xylosus    -IGIDIGTSALKTLVVNKS—22   –QKQLVSIGTSGVALSIE-268 
B.megaterium   -IGIDLGTSAVKTVLVDTK—22   –GKHYVVLGHRVLFFLMR-271 
B.licheniformis -IGVDLGTSTVKIILVNQR—22   –GTALCSIGTSGLFSHMN-266 
K.aerogenes   -IGIDLGTSGVKAILLNEQ—20   –GQAMLSLGTSGVYFAVS-263 
K.pneumoniae   -IGIDLGTSGVKAILLNEQ—20   –GQAMLSLGTSGVYFAVS-263 
E.coli1     -IGIDLGTSGVKVILLNEQ—20  –NQAMLSLGTSGVYFAVS-263 
T.ethanolicus  -LGIDLGTSAVKIILVEEN—21   –GIVSIALGTSGVVFASQ-269 
H.influenza1   -IGIDCGTQGTKAIVLDSV—21   –GIATMSLGTSGTLYAYT-277 
P.fluorescens  -LGIDCGTQGTKAIVLDAS—28   –GVITMSLGSSGTVYAFA-278 
Piromyces sp. E2 -AGIDLGTQSMKVVIYDYE—23   –GFLTMSMGTSGTLYGYS-270 
M.morganni    -AGIDCGTQSTKVIIADNR—23   –GITTMSLRHLRYAVYLC-274 
S.rubigenosus  -VGVDTSTQSTKALVVDVA—28   –GTPVMSLGTSGTVYAVT-268 
B.burgdorferi  -LSIDIGTSVLKAALVSSK—21   –GIVSNRMGTSEGFNFVS-234 
             
 
Organisms            ..Prosite Motif I 
 
(1)  C.elegans      -----TGSRAHHRFSAAQIKKIVDEKQ—---178  
(2)  H.sapiens       -----TGSRAYERFTGNQIAKIYQQNP---—187  
(3)  S.cerevisiae     -----TGSRAHFRFTGPQILKIAQLEP---—198  
(4)  H.influenza     -----TLQTLWMGHPVSILRWIKENEP---—146  
(5)  E.coli2       -----TRQTLWTGHPVSLLRWLKEHEP---—147  
(6)  L.pentosus      -----TGNRPLEGFTLPKLLWVKENEP—---146  
(7)  L.brevis       -----TRNQPLEGFTLTKLLWVKQNEP—---146  
(8)  B.subtilis      -----TKNRVLEGFTLPKMLWVKEHEP—---145  
(9)  La.lactis      -----TKNIXLEGFTLPKILWLQENEP—---145  
(10) St.xylosus      -----TQNTVLEGFTLPKLMWLKNHEQ—---144  
(11) B.megaterium     -----TKNQALEGFTLPKLLWVKEYEP—---146  
(12) B.licheniformis   -----AKNPALEGFTLPKLLWVKEYEK—---146  
(13) K.aerogenes     -----TGNLMMPGFTAPKLLWVQRHEA—---140  
(14) K.pneumoniae     -----TGNLMMPGFTAPKLLWVQRHEA—---140  
(15) E.coli1       -----TGNLMMPGFTAPKLLWVQRHEP—---140  
(16) T.ethanolicus    -----TGNKALTGFTAPKILWVRKHRP—---145  
(17) H.influenza1     -----LGIICQTGYTASKLSWFRQNYP—---150  
(18) P.fluorescens    -----LGVAIAPGYTVSKLLWTREQHP—---151  
(19) Piromyces sp. E2   -----LGNLMLTGFTAPKILWLKRNKP—---145  
(20) M.morganni      -----WVCCRRPAIPCQKL-SLKQQHP—---148  
(21) S.rubigenosus    -----TGSVPAASFTVTKWAWLAEHEP—---147  
(22) B.burgdorferi    -----KGKSVFLPYVLSTV------ER—---116  
 
Fig. 3a. legend see page 94 
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Organisms   ..Prosite Motif II 
 
(1)    ---DEIVP------RKPKGDYTFECSEEELKNKHPEKF-ARAVFESQCLFK—--413 
(2)    ---MEITP-------EIIGRHRFNTENHKVAAFPGDVE-VRALIEGQFMAK—--422 
(3)    ---GEIVPSVKAINKRVIFNPKTGMIEREVAKFKDKRHDAKNIVESQALSC—--455 
(4)    ---G---SNAKLGMQAGFYGIQ--------SHH-TQIHLLQAIYEGVIFSL—--379 
(5)    ---G---SNAGLEMTSGFYGMQ--------AIH-TRAHLLQAIYEGVVFSH—--380 
(6)    ---GERAPYADATIRGSFTGVD--------GSH-QRADFVRAVLEGIIFSF—--381 
(7)    ---GERAPYADADIRGSFIGVD--------GTH-QRYDFVRAVLEGIIFSF—--381 
(8)    ---GERTPHADSSIRGSLIGMD--------GAH-NRKHFLRAIMEGITFSL—--380 
(9)    ---GERTPHFDSKIRGSFIGIS--------AHH-EQKHFSRAVLEGITFSL—--379 
(10)   ---GERTPHNDASVRGSFIGLD--------ANT-TQLDMKRAVIEGITYSI—--379 
(11)   ---GERTPHADATIRGSFIGMD--------ASH-KKRDFTRAVIFVLRF-L—--381 
(12)   ---GERTPHADADI-ASFIGMD--------SAH-TRADFVRAVIEGITFSL—--367 
(13)   ---GERTPHNNPQAKGVFFGLT--------HQH-GPAELARAVLEGVGYAL—--373 
(14)   ---GERTPHNNPQAKGVFFGLT--------HQH-GPAELARAVLEGVGYAL—--373 
(15)   ---GERTPHNNPQAKGVFFGLT--------HQH-GPNELARAVLEGVGYAL—--373 
(16)   ---GERTPYSDPYARGSFIGLN--------MTH-NRGHITRAILEGVAFGL—--383 
(17)   ---GERVPPL-PNTKASILGLD--------SSNFTRENLCRAMMESATFTL—--385 
(18)   ---GERVPAL-PHATGSLHGLT--------MTNLTRANLCRAVVEGTTFGL—--386 
(19)   ---GERTPNL-PNGRASITGLT--------SANTSRANIARASFESAVFAM—--378 
(20)   ---LMVTVPQLPEARASLHNMD--------GSNLTPQNLSLAVVESATYGL—--378 
(21)   ---GERTPNL-PRSSGLLHGL---------RHDTTGGQLLQAAYDGAVYSL—--367 
(22)   ---LD—-PCLCKDLSKGIFG-----------SIKNPLEIGLSILEFVCFAF—--345 
 
Fig. 3b. Multiple alignment of a part of several xylulokinase amino acid sequences including two 
phosphate concensus sites and two Prosite signature sequences. Organisms and their accession 
numbers are: Caenorhabditis elegans (P30646), Homo sapiens (O75191), Saccharomyces cerevisiae 
(P42826), Haemophilus influenza (L-xylulokinase, P44991), H. influenza (P44401), Escherichia coli 
(L-xylulokinase, P37677), E.coli (P09099), Lactobacillus pentosus (P21939), L. brevis (AAC95126), 
Bacillus subtilus (P39211), B. megaterium (O05181), B. licheniformis (P70929),  Lactococcus lactis 
(G4416195), Staphylococcus xylosus (P27155), Klebsiella aerogenes (P29444), K. pneumoniae 
(P29442), Thermoanaerobacter ethanolicus (O30364), Pseudomonas fluorescens (O30495), 
Morganella morganii (Q59546), Streptomyces rubiginosus (P27256), Borrelia burgdorferi (O51495). 
 
 
The activity of xylose isomerase and xylulokinase was also measured in crude extracts 
prepared from Piromyces sp. E2 grown on various carbon sources (Table 1). The results 
obtained correlate rather well with the mRNA levels. Specific activity of both enzymes was 
high on fructose and xylose. Xylose isomerase activity on Avicel was somewhat higher than 
to be expected on basis of mRNA level. Activity of xylulokinase on Avicel was below 
detection limit (< 0.001 U/mg). Enzyme activities on glucose appeared to be in the same 
range as those measured in extracts from cultures grown on Avicel (data not shown). 
Obviously glucose acts as a repressor. 
Crude extract from fructose-grown cultures was fractionated on a Superose-12 column. Both 
xylose isomerase and xylulokinase activity eluted at a molecular weight of about 50 kDa. 
Addition of cobalt ions, which was shown to stabilize xylose isomerase (Rawat et al., 1996), 
during the preparation of crude extracts and fractionation, did not influence the behaviour of 
the enzymes on the gel permeation column. 
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TABLE 1. Comparison of specific activities and mRNA levels after growth of 
Piromyces sp. E2 on different substrates 
 Substrate used for growtha 
 Fructose Avicel Xylose 
Xylose isomerase    
Specific activity 100b 80 ± 25 51 ± 2 
mRNA 100c 52 ± 4 80 ± 5 
Xylulokinase    
Specific activity 100b < 0.2 46 ± 10 
mRNA 100c 10 ± 4 53 ± 10 
 
a  All values are expressed as % relative to fructose cultures.  
b Specific activities of xylose isomerase and xylulokinase on fructose (100% value) were 
0.161 ± 0.001 and 0.43 ± 0.08 µmol min-1 mg-1 protein, respectively (n = 3). 
c The Northern blots (Fig. 5) were scanned and signal intensities of fructose cultures were set at 
100% after correction for loading using the signal intensities of acetohydroxyacid 
reductoisomerase. Means S.D. of 4 scans are given. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. Southern blots with genomic DNA from Piromyces sp. E2 probed with the cDNAs encoding 
xylose isomerase (A) and xylulokinase (B). The restriction enzymes used are indicated at the top of 
the lanes. 
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Fig. 5. Northern blots with total RNA from Piromyces sp. E2 probed with cDNAs encoding 
acetohydroxyacid reductoisomerase (2), xylose isomerase and xylulokinase. The positions of 18S and 
28S rRNA are indicated by the arrows. 
 
Phylogenetic analysis  
 
The deduced amino acid sequences of xylose isomerase and xylulokinase from Piromyces 
sp. E2 were aligned against a number of similar sequences available from protein databases. 
For xylose isomerase several strongly conserved regions were observed among all proteins. 
These regions are involved in enzymatic activity (see also above). The alignment was used to 
construct a phylogenetic tree (Fig. 6A). The known enzymes divide into two distinct clusters 
in accordance with published data (Kristo et al., 1996, Maeden et al., 1994). One cluster 
comprises bacteria with a G+C-rich DNA while the other cluster contains organisms with a 
lower G+C base composition. The Piromyces sp. E2 enzyme falls into the latter cluster close 
to the only other eukaryotic xylA gene (from barley, Hordeum vulgare) known so far. 
All known xylulokinases, including two L-xylulokinases (EC 2.7.1.53), were aligned. On 
basis of the alignment a phylogenetic tree was constructed (Fig. 6B). The three other 
eukaryotic xylulokinases from Saccharomyces cerevisiae, Homo sapiens and Caenorhabditis 
elegans form a separate cluster, while the Piromyces sp. E2 enzyme clusters with the bacterial 
xylulokinases. The two known L-xylulokinases seem to form a separate group together with 
Borrelia burgdorferi.  
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Fig. 6. Phylogenetic trees based on distance matrixes prepared from alignments of xylose isomerases 
(A) and xylulokinases (B) sequences from several organisms (for accession numbers see legend of 
Fig. 2 and 3). Bootstrap values indicate the percentages of occurrence of 100 bootstrapped trees. Bar = 
10 substitutions per 100 amino acid residues. 
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Heterologous expression studies 
 
The full-length xylose isomerase gene was expressed in the yeast S. cerevisiae strain 
BJ1991 under the control of the GAL1 promoter. Several transformants were obtained which 
showed xylose isomerase activities varying from 4 to 39 nmol xylulose min-1 mg-1 protein 
(mean value 25 ± 13 nmol xylulose min-1 mg-1 protein). The formation of xylulose was 
confirmed by HPLC analysis (data not shown). Three xylose isomerase transformants were 
selected for a growth experiment in which they were compared with a control strain (empty 
cloning vector) (data not shown). The control strain showed an increase in OD600 up to 80 h. 
After this time a gradual decrease was observed. This may be caused by aggregation of the 
yeast cells, which is often observed at the end of growth. The cultures of the three 
transformants did not stop growing after 80 h, but the OD600 increased up to at least 150 h. 
This observation indicates that the transformants were capable of growing on a mixture of 
galactose and xylose. 
 
Discussion 
 
Conclusive evidence was obtained that Piromyces sp. E2 converts xylose via the combined 
action of a xylose isomerase and a D-xylulokinase. This resembles the situation in bacteria. 
The majority of yeasts and fungi studied so far use an alternative pathway involving xylose 
reductase and xylitol dehydrogenase to convert xylose to xylulose (Jeffries et al., 1983). The 
clones obtained from the cDNA library could be identified on basis of the high homology to 
published xylose isomerases and D-xylulokinases gene sequences. Furthermore, both enzyme 
activities could be demonstrated in cell free extracts and mRNA levels coincided with enzyme 
activities. We found no enzymatic evidence for the presence of a xylose reductase. 
Although evidence exists on the presence of xylose isomerase in some fungi (Banerjee et 
al., 1994, Rawat et al., 1996), this evidence is based solely on enzymatic studies. No xylose 
isomerase gene sequences were reported. We report the first xylose isomerase gene sequence 
of a fungus. The only other eukaryotic xylose isomerase gene known is from barley (Kristo et 
al., 1996). In the phylogenetic tree (Fig. 6A) the Piromyces sp. E2 and barley gene cluster 
together. The insertion of about 40 residues at the amino terminus reported for the gene from 
barley (Kristo et al., 1996) is not found in the gene from Piromyces sp. E2 and those from the 
prokaryotes. Analysis of the genome from Arabidopsis thalania revealed the presence of an 
ORF highly homologous to the barley xylA gene (Kaneko et al., 1998) and with the extended 
N-terminus. However, no functional proof of xylose isomerase activity was obtained thus far.  
 Recently, Rodriguez-Peña et al. (1998) identified a gene in Saccharomyces cerevisiae 
neccessary for growth on D-xylulose as sole carbon source by mutant complementation. On 
the basis of homology with a hypothetical protein of Caenorhabditis elegans (32% identity) 
and to a lesser extent with prokaryotic xylulokinases (25% identity) the open reading frame 
was renamed XKS1 (xylulokinase). Conserved regions were especially those involved in ATP 
binding. However, the typical consensus sites given in the Prosite database 
(positions131-145; 351-372) including the active site residue (position 355) shows low 
homology with the S. cerevisiae, the C.elegans and the Homo sapiens gene products. This is 
examplified by the insertion of eight amino acid residues in the consensus site at positions 
351-372. This may indicate that these three gene products can be identified as non-specific 
sugar kinases with activity on xylulose. The deduced protein sequences of this three 
organisms also form an outgroup in the phylogenetic tree (Fig. 6B). The Borrelia burgdorferi 
xylulokinase, which was identified by sequence similarity (Fraser et al., 1997), seems to be 
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rather distantly related to all other xylulokinases. Additional biochemical data will be needed 
to confirm the presence of a xylulokinase in this organism. 
As becomes obvious from the phylogenetic trees, the products of the xylA and xylB genes 
of Piromyces sp. E2 resemble those of prokaryotes. The same was described for the pyruvate 
formate lyase of this fungus (Akhmanova et al., 1999) and for several genes encoding 
extracellular enzymes of anaerobic fungi, e.g. cellulases and xylanases (Gilbert et al., 1992, 
Zhou et al., 1994). The latter enzymes produce the substrates for the enzymes described in 
this paper. Moreover, the gDNA encoding all these genes does not contain introns. 
Previously, it was suggested that horizontal gene transfer might be responsible for their 
prokaryotic origin (Garcia-Vallvé et al., 2000). 
Hemicellulosic material might be a good source for ethanol production. However, the yeast 
S. cerevisiae, commonly used for industrial ethanol production, is unable to use and ferment 
xylose as a carbon source due to the lack of xylose reductase and xylitol dehydrogenase. 
Metabolic engineering has been attempted to make xylose utilisation possible. Recently 
Hahn-Hägerdal et al. (2001) reviewed the progress within this field made in the last decade. 
Transformation of S. cerevisiae with the xylose isomerases of Clostridium 
thermosulfurogenes and Actinoplanus missouriensis was not successful, although the mRNA 
was present (Amore et al., 1989, Hahn-Hägerdal et al., 2001). The heterologous expression of 
the Escherichia coli and Bacillus subtilis genes resulted in large amounts of mostly insoluble 
protein, which was catalytically inactive. Xylose isomerase of the thermophilic bacterium 
Thermus thermophilus was successfully expressed; both presence and activity could be 
confirmed (Walfridsson et al., 1996). However, this enzyme has only trace activity at 
mesophilic temperatures. Random PCR-mediated mutagenesis of the T. thermophilus xylA 
gene resulted in significantly higher activity at 30 °C (Hahn-Hägerdal et al., 2001). The two 
genes from Piromyces sp. E2 provide good alternatives to the prokaryotic genes used before. 
Transformation of S. cerevisiae strain BJ1991with xylA from Piromyces sp. E2 resulted in the 
production of an active xylose isomerase. In addition transformants could grow on mixtures 
of galactose and xylose. Whether growth rates can be accelerated by additional expresion of 
xylB needs to be elucidated. 
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SUMMARY 
 
 The life cycle of anaerobic fungi consists of 3 stages: zoospore, rhizomycelium and 
zoosporangium. Once a zoospore comes in contact with plant material it starts to branch and 
forms a rhizoid, which penetrates the plant cell wall and degrades it. This continues until there 
is a complete depletion of substrate, which triggers the rhizoid to turn into a zoosporangium to 
form new zoospores. Contact with fresh plant material triggers the release of zoospores and 
the cycle will start again. The anaerobic fungus Piromyces sp. E2 isolated from the faeces of 
an Indian elephant has been chosen as a model organism to study plant cell wall degradation 
because of its high capacity to degrade cellulose. Plant material consists of a large amount of 
cellulose, which is a homopolymer of glucose molecules wrapped in hemicellulose. 
Hemicellulose is a more branched polymer with xylose as its backbone. Finally, the 
cellulose-hemicellulose polymer is wrapped in lignin, a very complex polymer, which is very 
difficult to degrade by microorganisms. For the degradation of plant cell wall material the 
anaerobic fungus Piromyces sp. E2 produces several types of plant cell wall degrading 
enzymes, which are secreted into the media. The secreted enzymes belong either to the 
cellulolytic or hemicellulolytic system. The cellulose degrading system contains 3 types of 
enzymes: endoglucanases, exoglucanases and β-glucosidases. Endoglucanase degrades 
cellulose randomly, producing oligo-saccharides, whereas exoglucanase degrades cellulose 
from the ends, producing cellobiose. Finally, the produced cellobiose is degraded by 
β-glucosidase to form two glucose molecules, which are used by the anaerobic fungi as a 
carbon source. For the degradation of hemicellulose several different types of enzymes are 
necessary, endoglucanases, exoglucanases and β-glucosidases. Most of the data accumulated 
until now on (hemi-)cellulolytic enzymes come from studies on the anaerobic bacteria 
Clostridium thermocellum and from the aerobic fungus Trichoderma reesei. Unfortunately, 
this work in general is restricted to efforts on the improvement of enzyme performance. The 
expression of fungal (hemi-)cellulolytic genes in heterologous aerobic hosts would be a good 
alternative. 
 In chapter 1 a general description of isolation, characterisation, life cycle and energy 
generation from anaerobic fungi is given. Furthermore, the (hemi-)cellulolytic enzymes 
produced by these microorganisms and the gene structure belonging to the enzymes are 
discussed. 
 In chapter 2 we describe the isolation, characterisation and heterologous expression of an 
extracellular β-glucosidase from Piromyces sp. E2. This protein is a modular protein with a 
signal peptide used to excrete the protein, followed by a negatively charged domain, and 
finally a family 1 type β-glucosidase catalytic domain. The negatively charged domain is 
possibly used to anchor the enzyme to the cell wall. Four cDNA clones isolated from random 
screening of the Piromyces sp. E2 cDNA library turned out to code for family I type 
β-glucosidase. The  β-glucosidase gene appeared to be a highly expressed gene, since 4% of 
the isolated clones belonged to this family. Full-length clones were expressed in the 
methylotrophic yeast P. pastoris and characterised. The heterologous protein has high activity 
against cellobiose and cellodextrins. Furthermore, several artificial substrates were converted. 
Matrix-assisted laser desorption/ionisation time of flight mass spectrometry 
(MALDI-TOF MS) was used to analyse cellopentaose degradation by the β-glucosidase. It 
appeared that in addition to hydrolytic activity the protein had also transglycosylation 
capacity, which resulted in the formation of cellohexaose, celloheptaose and cellooctaose. 
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 In chapter 3 we describe the cloning, isolation, characterisation and expression in 
Escherichia coli and Pichia pastoris of a family 6-type cellobiohydrolase from Piromyces 
equi and Piromyces sp. E2. The cel6A clone was isolated from a lambda FixII library and 
sub-cloned into a plasmid vector. The 55 kDa heterologous expressed protein was capable of 
degrading microcrystalline cellulose and acted like an exoglucanase. After dissociation of the 
high molecular complex, the 55 kDa protein was isolated via SDS-PAGE. MALDI-TOF MS 
analysis showed that the heterologous protein was the same as the Cel6A from the λ clone.  
 In chapter 4 we showed that several cellulolytic and hemicellulolytic genes were present in 
multiple copies and tandemly repeated head to tail on the genome. The genes in such a cluster 
are highly conserved, with a similarity above 90%. The bias in the genes is for about 54-75% 
synonymous substitutions, suggesting an expression of all the copies present in the genome. 
The isolation of different cDNA clones belonging to the same family of cellulases is also 
indicative for multiple expressions. 
  In chapter 5 we studied the xylose metabolic pathway of Piromyces sp. E2. Usually, yeast 
and fungi convert xylose via xylitol and xylulose to xylulose-5-phosphate. However, this 
fungus uses the bacterial pathway to convert xylose via xylulose to xylose-5-phosphate. 
Genes were isolated by random screening of a cDNA library, characterised and expressed in 
the yeast Saccharomyces cerevisiae. Activity of the heterologous xylose isomerase was 
demonstrated.  
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SAMENVATTING 
 
Anaërobe schimmels kennen 3 stadia in hun levenscyclus. Als zoöspore kunnen ze het 
plantenmateriaal koloniseren en uitgroeien tot een vegetatief stadium, rhizoid genaamd. De 
anaërobe schimmel Piromyces sp. E2 geïsoleerd uit de faeces van een Indische olifant werd 
gekozen als organisme om isolatie, karakterisatie en expressie van (hemi-)cellulolytische 
genen te bestuderen. Van alle tot nu toe bekende plantencelwandafbrekende 
micro-organismen produceert deze schimmel de meest efficiënte hydrolytische enzymen. De 
plantencelwand bestaat voor het grootste deel uit cellulose, een lange polymeer van glucose 
moleculen, dat omhuld is door een meer complexe verbinding, hemicellulose. De laatst 
genoemde bevat xylose als een ruggengraat waaraan allerlei andere suikers zijn gebonden. De 
twee eerder genoemde lagen zijn tenslotte ingepakt in een derde bestanddeel, lignine, een zeer 
complex en moeilijk afbreekbare-polymeer. Het laatste molecuul zorgt ervoor dat planten 
goed beschermd worden tegen aanvallen door micro-organismen. De celwandafbrekende 
enzymen kunnen als vrije of als complex gebonden enzymen door het organisme worden 
uitgescheiden. De individuele enzymen kunnen van verschillende typen zijn: cellulolytisch 
dan wel hemicellulolytisch. Bij de cellulolytische enzymen zijn drie soorten enzymen te 
onderscheiden namelijk endoglucanases, die ongedefinieerd in de celluloseketen knippen, 
cellobiohydrolases ook wel exoglucanases genoemd, die steeds een cellobiose molecuul vanaf 
een bepaalde kant afsplitsen en tenslotte β-glucosidases die op hun beurt de vrijgekomen 
cellobiose en cellodextrines afbreken tot glucose moleculen. Glucose wordt vervolgens als 
energiebron gebruikt door de schimmel. Bij de afbraak van microkristallijn cellulose werken 
de endo- en exoglucanases nauw samen en versterken zo hun individuele activiteiten.  
Bestudering van genomisch-DNA en copy-DNA sequenties bracht verschillende 
karakteristieken van (hemi-)cellulolytische genen aan het licht. Het gen dat codeert voor de 
(hemi-)cellulolytische enzymen is opgebouwd uit een signaal sequentie, een niet-katalytisch 
docking domein (NCDD) en een katalytisch domein. Het NCDD kan in 1 of meerdere 
kopieën zowel voor, achter of in het midden van de (hemi-)cellulolytische genen aanwezig 
zijn. 
In hoofdstuk 1 wordt een inleiding over anaërobe schimmels gegeven. Hierbij wordt de 
geschiedenis van deze schimmel, hun levenscyclus, de soort enzymen die ze produceren, hun 
functie en het soort materiaal dat ze afbreken besproken. Verder wordt de opbouw van 
(hemi-)cellulolytische genen beschreven. 
In hoofdstuk 2 wordt de isolatie, karakterisatie en expressie van een β-glucosidase gen 
besproken. De cDNA kloon van dit gen werd bij een random-screening van een cDNA bank 
geïsoleerd en gesequenced. Deze methode werd gebruikt, omdat er gezocht werd naar genen 
die hoog tot expressie komen. Het β-glucosidase gen bleek het op één na meest aanwezige 
transcript in de cDNA bank te zijn. Vergelijkingen met sequenties van bekende 
(hemi-)cellulolytische genen uit de databank liet zien dat het β-glucosidase gen codeert voor 
een familie 1 type β-glucosidase. De cDNA kloon werd gemarkeerd met radioactief gelabelde 
nucleotides om de hoeveelheid kopieën in het genoom te bepalen. De gen sequentie werd 
ontrafeld en het gen werd met succes tot expressie gebracht in de gist Pichia pastoris. Het 
heterologe eiwit bleek erg stabiel te zijn. Het eiwit kon gedurende 5 weken bij 
kamertemperatuur bewaard worden zonder noemenswaardig verlies van activiteit. 
 Massaspectrometrische analyse van de cellopentaose afbraak door het β-glucosidase liet zien 
dat het eiwit in staat is ook een synthese functie uit te oefenen naast een hydrolytische functie.  
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In hoofdstuk 3 wordt de isolatie en karakterisatie van een cellobiohydrolase besproken. Het 
gen is geïsoleerd uit een gDNA bank met behulp van een NCDD probe. Er komen meerdere 
kopieën van dit gen voor op het genoom van Piromyces sp. E2. Vergelijking met sequenties 
van bekende (hemi-)cellulolytische genen uit de databank liet zien dat het gen voor een 
familie 6 type exoglucanase codeert. Expressie in de bacterie Escherichia coli leverde een 
heteroloog eiwit met een erg lage activiteit op; het meeste eiwit was gedenatureerd en kwam 
als “inclusion body” voor. Na dialyse van dit eiwit werd geen hogere activiteit gevonden. De 
heterologe expressie in de methylotrofe gist Pichia pastoris leverde wel een actief eiwit op. 
Massaspectrometrische analyse van de 55 kDa band uit het complex, verkregen na 
SDS-PAGE, toonde aan dat dit eiwit identiek was aan het geïsoleerde Cel6A. 
In hoofdstuk 4 wordt gekeken naar de organisatie van (hemi-)cellulolytische genen van 
Piromyces sp. E2. Zoals we eerder hebben gezien in de hoofdstukken 2 en 3 komen deze 
genen in meerdere kopieën voor op het genoom van deze schimmel. In deze hoofdstukken 
laten we zien dat de genen gerepeteerd op het chromosoom liggen. Verder werd duidelijk dat 
de genen in een cluster erg nauw aan elkaar verwant zijn, tot meer dan negentig procent.  De 
klonen werden verkregen door een plasmide en een λ bank te screenen met een NCDD probe. 
Met behulp van β-glucosidase en cellobiohydrolase sequentie data werd aangetoond dat het 
verschil in geclusterde genen voor 54-75 procent bestaat uit synonieme substituties,  waardoor 
er wel op DNA niveau een verschil is, maar vrijwel niet op aminozuur niveau. 
In hoofdstuk 5 laten we zien dat Piromyces sp. E2 in staat is om xylose als koolstofbron te 
gebruiken. De route die de schimmel hiervoor gebruikt, is niet zoals we dat van een eukaryoot 
verwachten. Deze anaërobe schimmel volgt namelijk de bacteriële weg, waarbij xylose in 
twee stappen wordt omgezet naar xylulose-5-fosfaat door xylose isomerase en xylose kinase. 
Het xylose isomerase gen werd gekarakteriseerd en tot expressie gebracht in Saccharomyces 
cerevisiae. Door de expressie van het xylose isomerase gen was het mogelijk om S. cerevisiae 
op xylose te laten groeien. De expressie van het xylose isomerase gen in S. cerevisiae werd 
verder bevestigd door  biochemische experimenten.  
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Not even a leaf moves without His will, so don’t be naïve to 
claim that you are revealing things 
Harry R. Harhangi 
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Trust in God, generosity, honesty and compassion is the key to 
success. 
Harry R. Harhangi 
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Running after materialism is like running after illusions. Both 
will bring you nothing in the end. 
Harry R. Harhangi 
 
 
 
 
We come in to the world with nothing and we will leave with 
nothing. 
Hinduism/Harry R. Harhangi
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People think they are great if they reveal something, but they 
forget that all we reveal comes from nature and belongs to 
nature. All is there already. 
Hinduism/Harry R. Harhangi 
 
 
Too much love for money prevents you from spending it. 
Harry R. Harhangi 
 
 
